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Department of Energy and forms part of the Solar Photovoltaic 
Conversion Program to initiate a major effect toward the development of 
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ABSTRACT 


This report is a summary of work done on the development of a copper hasrd 
contact system for silicon s.olar cells. The work has proceeded in three phases: 

PHASE 1: 

Development of a copper based contact system using plated Pd-Cr-Cu. Good 
cells were tnade but cells degraded under low temperature (300®C) heat 
treatments. 

PHASE 11 

The degradation in Phase I was identified as copper migration into the cells 
junction region. A paper study was conducted to find a proper barrier to the 
copper migration problem. Nickel was identified as the best candidate barrier 
and this was verified in a heat treatment study using evaporated metal layers. 

PHASE 111; 

An electroless nickel solution was substituted for the electroless chrominum 
solution in the original process. Efforts were made to replace the palladium bath 
with an appropriate nickel layer, but these were unsuccessful. 

1 50 cells using the Pd-Ni-Cu con act system were delivered to 3PL. Also a cost 
study was made on the plating process to assess the chance of reaching 5(^/watt. 
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INTROnUCnON 

This contract involves the evaluation of the technical feasibility and effective 
cost of a copper plated contact system for the manufacture of solar cells for high volume 
production of low cost solar array (LSA) modules. 

Contacts have been identified as one of the most important but also one of the 
most expensive steps m making solar cells. Presently, space and terrestrial cells are 
made with the standard titanium-pallidum- silver contact system developed in the early 
sixties. This system, though expensive, has shown long-term reliability and presently is 
the only contact system believed to be able to last the twenty year lifetime goal, as 
described by the LSA project. Studies show that cell metallization is an area where large 
reductions in cell process costs can be obtained. The present Ti-Pd-Ag contacts are 
evaporated under a vacuum, which alone, mainly due to the low throughput, is an 
expensive process. Also, metals like silver which are currently used in thicknesses of 3-10 
microns are very expensive, and especially so when coupled with the large amount of 
wasted metal involved in the evaporation pro<’('ss. Therefore a new contact system should 
(A) use a high through-put technique, (B) shoiilv' use a metal or metals that are inexpensive 
as compared to silver as the main curret\t carrier, and (C) sh juld have very low wastage of 
metals. 


There are only two candidate contact techniques that meet this criteria. First 
there is the print-on-contact. This method uses a silk-screen which in conjunction with a 
conductive ink, to print the contacts on the cells in the desired pattern. The printed ink, 
next, has to be sintered at temperatures ranging from 450-750°C depending on the 
formulation of the ink and the cell processing sequence to obtain the desired properties. 
Reliability has been the major problem with this technique since control of the silicon- 


contact interface is ver; difficult. Also the printed cells have sometimes exhibited non- 
ohm ic contacts, contact peeling problems, as well as degradation of the cells after the 
severe heat treatments required for contact curing. All present print-on contact inks 
contain a targe percentage of silver making a low cost contact system difficult to obtain. 
Waste of the contact metal, though much lower than with evaporation, is still a problem, 
due to lack of control of the contact thickness, and wastage of the ink left on the silk 
screen. A second contact technique is electroless or electrolytic plating . Using a plating 
technique, metals are only deposited on the cell where required. The first layer of metal 
(the metal-silicon) interface) can he controlled to get good adhesion and good cell 
performance. Using standard semiconductor metals such as silver or nickel, plating has 
proven to be a reliable contact system. 

This contract lias involved a study of the use of copper as the chief current 
carrying conductor for solar cells, replacing silver. Since copper is easily plated and is 
relatively cheap, it is a prime candidate for aciiieving a low cost contact system. 

During the last eighteen (18) months several copper based contact systems have 
been studied. Work originally centered on finding a plating sequence that would yield 
contacts that had good adhesion and delivered good cell performance. However, it was 
quickly shown that diffusion of copper into the silicon cells would present a severe long 
term performance problem. This problem was addressed by a redirecting of the program 
to find a barrier metal to reduce copper diffusion. 

This program was originally started with the thought of showing why copper 
would work as a solar cell contact metal. With the rising cost of silver and the good 
results we have obtained on this program, we feel that a copper based plated contact 
system is the best low cost approach available and should be more deeply explored. 


I 



BACKG ROUND 

Historically, silicon solar cells were made first with plated contacts. The system 
used was defxjsition of nickel hy electroless methods, followed by solder build-up to 
provide adequate conductance, and to provide an interconnectable contact area. Later, 
space-use cells modified this system (in improving adhesion, and also in providing an 
improved ohmic contact) by adding a thin (-**500 A) layer of gold, also deposited by 
electroless methods. 

As the space-cell requirements were made more demanding (minimum pull- 
strength increased above 450 gm per 0.02 cm areas, need to contact highly polished 
surfaces, and very shallow junctions, and adaptability to welding), the contact structure 
was changed to an evaporated stack of titanium-silver. Later to increase moisture 
resistance, a thin layer of palladium was added between the Ti and Ag. This contact 
system has proved to be a satisfactory space-use contact for most missions, and has been 
adapted to tnasking methods capable of providing the closely spaced, narrow grid pattern 
now being used for space or concentrator-use cells. In some cases of the stiver has been 
deposited by evaporation, and the required thickness is obtained by electroplating. Many 
of the current terrestrial cells use this space contact system, mainly because of the 
already existing technology. Several other contact systems (all-Al, all-Ag, Ce-Ag, Cr-Au- 
Ag, Cr-Pd-Ag, Ta-Pd-Ag) have been tested but have not been used for reasonably large 
numbers of cells. 

In addition, work has proceeded on various forms of metal pastes or inks, 
deposited mainly through silk screen masks. In a few cases, the paste has been dispersed 
in photoresistive matrices and can be patterned by photoexposure methods. These 
methods are still under intensive study. 
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The modified Au-Ni-solder system has also been used again for terrestrial panels. 


Developmental work (at Motorola has also led to a Pd-Nl-solder system. 

This was the context into which the present program fitted. A method was 
needed, which could retain the advantages of a plated system (effective metal usage, 
relatively inexpensive equipment) while including other favorable aspects, such as easy 
control and repeatability, compatibility with inexpensive masking systems. The contacts 
had to have required properties to forin an efficient cell, including low contact resistance, 
good conductance, good adhesion, good corrosion resistance and good thermal cycling 
properties. 

We will examine these .requirements in more detail. 

(a) Metal Choice 

There are relatively few metals of sufficient conductance (for reasonable 
thicknesses); these are stiver, copper, aluminum and gold. If greater thicknesses are 
tolerable, other elements like Mg, Ni, Rh, Mo, W, or Cr, Pd, Nb, Ta have fair 
conductance, but are mostly ruled out because of difficulty of application or other 
properties. Also, some combinations (such as Sn-Pb-solders) can be used in relatively 
large thicknesses. 

Of the four major conductors for the cost goals required, gold and silver were 
ruled-out because of cost, and aluminum also, because of the difficulty in plating methods 
(mostly only non-aqueous solutions have been successful) and also because of present 
reluctance to develop simple interconnect methods. 


This left copper as a candidate metal, and for this reason, this program was 
initiated to explore the promise and problems resulting from choice of copper as the 
tnajor metal cev ;tituent in cell contacts. Certainly the conductance of copper is most 
competitive. Copper can be of reasonably low cost, and an extensive technology exists 
for plating copper both by electroless and by electroplating methods. 

(b) Contact Resistance 

The contact resistance between silicon and metal (such as copper) is determined 
by two factors: the doping le^'el of the silicon surface, and the detailed band properties of 
the metal, determining the Fermi level position, and the resultant contact potential. For 
silicon, however, the surface states can make the latter metal properties less predictable 
in determining the contact resistance, and in practice it is usual to resort to empirical 
determination of the actual contact potential resulting from a given silicon surface 
condition, and method of deposition of the metal. 

It is customary to assume that the silicon slices requiring contacts will probably 
have N+ and P+ surfaces, both fairly highly doped, and already formed before contact 
application. We have used such slices in our program. 

If empirical tests show that for given silicon surface conditions, a metal does 
have too high a contact resistance, often a satisfactory reduction in this resistance, often 
a satisfactory reduction in this resistance can be provided by use of a thin interfacial 
layer of another melal, deposited directly on the silicon before applying the main contact 
metal. The Au used in the electroless Ni system served such a purpose. 

Below we w'ill discuss tests of several different metals as underlayers for copper; 
included in these thin metal iyaers are Au, Pd, Cr, and Ni. 
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(c) 


Contact Adhesion 


No matter how attractive the conducting properties of any metal contact 
system, it is essential that the contacts have good adhesion to the silicon. This is 
necessary, to ensure ease of handling into an array, and stability in operation. 

The contact adhesion is determined by two factors, the surface finish, and the 
metal bonding mechanism at the surface. In general, rougher surfaces promote better 
adhesion for plated systems; thus use of a textured silicon surface (a competitive low cost 
method for processing silicon slices) has been assumed, although early tests have used 
fairly well polished surfaces. The bonding strength between silicon and metals is 
enhanced by use of a very clean silicon surface (and metals) and in some cases by 
relatively mild head treatments (sintering) to consolidate the bonded interface. In some 
cases, the bonding is improved by jse of a thin interfacial layer of ‘c same type required 
to reduce contact resistance, and this approach has been used here in early studies of 
plating onto polished surfaces, 

(d) Stability in Operation 

There are three main possible causes of cell deterioration in practice. These are 
the chances of failure under thermal cycling , a mechanism minimized by choice of metals 
matched to the silicon, by providing high contact adhesion, or by restriction to thin metal 
layers. There is also the chance of corrosion , and this must be checked experimentally for 
the particular combination of cell contacts and interconnect metals. 

Finally, there is the chance of cell degradation because some of the metal 
contact components can migrate to regions in the cell where they can reduce cell 
efficiency. It is this latter possibility which has often been invoked for copper, because of 
its well known high diffusivity (diffusion rate), so that even at relatively low 
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temparatures, copper atoms can move fairly long distances in the silicon. On the other 

hand, large quantities of copper have been introduced into bulk silicon without much loss 

( 2 ) 

of cell output. Thus again, etnpirical experimentation is needed to choose between 
these possibilities. In practice a set of cf refull y performed tests, using gradually 
increased temperature-time schedules, can iden ify the probability of such degradation by 
monitoring the cell efficiency resulting fiom th series of heat treatments. 

There is an additional factor which can alter this possible mode of degradation. 
This factor involves the use of another thin interfacial layer of another metal, and above 
we have seen that such a layer may be needed to reduce contact resistance and to 
improve contact adhesion. The use of such a "barrier" metal could retard or prevent the 
motion of copper into silicon. 

With this background, the approach to be used in the program can be better 
understood. 

PROGRAM DETAILS 
Cell Material 

Slices of (100) oriented silicon were used. The P-type silicon had resistivities in 
the 7-M ohrn -cm range. Diffused layers were made using source at ^50^c yielding 

sheet resistance ^ 25 ohms/a. All cells utilized an aluminurn alloy- d back surf 'ce field. 
Early tests were conducted on 2x2 cm cell sizes while the later tests vere the cells of 214" 
and 3" in diameter. 

Plating Variables 

The proposed program suggested using commercially obtain ^d electroless copper 
plating solutions (preceeded by sensitizing processes) to form a thin conducting layer 
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thick. The variables that were studied were: 

(i) Solutions differing in chemical composition, pH and temperature. 

(ii) Different sensitizing treatments. 

(iii) Surface preparation of the silicon. 

Also the effect of these variables on plating rate, contact resistance, and 
adhesion were studies. 

In addition, an understanding was sought of the basic mechanisms controlling tlie 
plating processes. Reference was made to the large body of published research, to 
confirm if our results were consistent with the current level of theoretical understanding. 

Simultaneous Nt and Plating 

I'fforts were directed toward plating the front and the back of the cell 
simultaneously. This proved to be very practical when using the electroless plating ^ hs 
and no tnajor problems were found. 

Contact Rutld-Up 

Rarlier tests with electroless plating showed that the process tended to be self- 
limiting in that when the silicon surface had a reasonable thickness of metal ('“lum) 
deposited, the tendency for further build-up was reduced. For solar cells contact 
thickness around <t-6)jm are generally used. 

To obtain thicker layers, two methods were evaluated: 

(a) Application of molten solder, followed by a reflow and pressing 
operation. 

(b) Use of electrolytic plating to build-up contact thickness. 
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Heat Treatments 


The effect of various heat treatments on the contact properties were tested. 
The goal was achieving the optimum combination oi overall cell properties, achieved if 
possible by a single heat treatment. 

This was the basic direction of the program in Phase I. (October 15, 1978 to May 
31, 1979). 

Phase II (June 1, 1979 to January 15, 1980) involved a change of direction of the 
original program due to new problems occurring at the end of Phase I. The problem 
involved the shunting of the cells due to low temperature copper diffusion. A contact 
system was developed in Phase I which used a Pd-Cr-Cu plating sequence. Cells of good 
electrical properties were made but when sintered at 300° in nitrogen for 5 minutes, they 
would degrade severely. Phase II was directed toward solving this problem. 

Paper Analysis 

A literature search was conducted to evaluate copper diffusion through different 
metallic barriers in an effort to find a platable metal that would stop the copper 
migration. Also efforts were made to relate these results to a twenty year lifetime. 

Test Matrix 

Utilizing the results from the paper analysis a contact study was set-up to 
evaluate different metallization systems under controlled conditions. For this reason only 
evaporated metals were used. Four square centimeter cells were used with the different 
metal layers of varying thicknesses over a range of sintering temperature and times. 
Changes in the cells 1^^, CFF and dard forward IV characteristics were observed. 


PlatlnR Mask 


A search was also conducted for a low cost plating mask to replace the 
photoresist mask on the original process. It was hoped the mask could also offer increased 
control with the copper deposition and possibly also provide an inexpensive anti-reflection 
coating for the cell. 

Corrosion Protection 

Since copper is relatively reactive, work was done to protect the cell's contact 
surface. The plan was to coat the copper surface using an electroless bath. 

Process Modification 

Phase III (January 15, 1980 to April 30, 1980) was directed toward a final effort 
to simplify the plating process further. This was to be accomplished by elimination of one 
of the electroless plating baths. 

Plated Cell Sintering Test 

After the plating sequence was finalized 150 cells were made for delivery to 
3PL. Extra cells from this group were used in a contact sintering test in an effort to 
establish the reliability of the contact system. 


TECHNICAL DISCUSSION 


During the durating of the contract a number of important observations were 
made mainly in dealing with copper as a solar cell contact material. 

The contract was originally started with the thought of doing an exhaustive study 
tc show explicitly why copper will not work as a solar cell contact material. Copper is 
well known to cause serious degradation problems with silicon devices throughout the 
semiconductor industry, so the possibility of success appeared to be remote. 

Controlling Copper Migratio n 

Though the first experiments dealt with plating copper directly on the silicon, by 
the end of the first phase of work a contact system had been developed that yielded high 

O 

quality solar cells. The contact system used a thin layer of palladium (•^50 A), 2000 A of 
electrolessiy plated chromium, and then a thick (-5 m) layer of plated copper. These 
cells tnough, were shown to degrade severely under heat treatments as low as 300°C for 
five minutes in nitrogen. Figure 1 shows all avenues of copper migration thought to be 
possible in causing the degradation problems. Mode one was identified as the diffusion of 
copper through the metallic barrier layer. This mode can be controlled by changing the 
barrier metal type, its thickness, and its relative density. (Plated layers will certainly be 
less dense than evaporated layers). Mode two was identified as edge leakage around the 
metallic barrier layer. (Here between the chromium layer and the plating mask). Mode 
three is identified as the possible diffusion of copper through the plating mask material. 
Since on the standard substrate for plating, the plating mask can also serve as an anti- 
reflectionn coating, the thickness of this mask is limited to 750-1,200 angstroms 
depending on the mask material (SiO, S^N^, etc.). With such a thin layer, pinholes 
allowing direct diffusion of copper would cause serious cell degradation. 
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FIGURE 1 




NOTE: MODE 1: Migration through chroiiiiuni layer 

2: Migration at plating edge 
3: Migration through plating mask 


Layer A: Electrolytic copper 
B: Electroless copper 
C: Electroless chromium 
D: Immersion Palladium 


Work was directed toward preventing or eliminating those modes as possible 
copper degradation sources. This work is discussed the experimental section. 

S ilicon/Metal Interface Control 

Even our early work showed that a major advantage which plating has over 
screen printed contacts, is the fine confrol of the silicon/metal inter-face. Without 
control of this interface cells will possibly show; 

(A) Poor adhesion of the contacts. 

(h) High contact resistance. 

(r.) Poor process control in later plating steps. 

This interface in our process is controlled by a thin palladium layer plated from 
an immersion type bath. (Adhesion was also enhanced if the palladium created a rough 
palladium surface.) 

High Plating Rates 

High plating rates are important for obtaining a high throughput process. 
However, high initial plating rates can cause adhesion problems. With electrolytic 
plating, very high rates cause the grain size of the deposited copper to greatly increase, 
causing poor adhesion. A slow plating rate in the first few minutes of plating yielded a 
very fine grain structure and good adhesion of the plated contact layer. 

Edge Plating 

When electroless baths are used, the exposed edges of the cells are plated also. 
(Usually the front masking material cannot adequately mask the edges also.) Therefore, 
there must be an edge clean-up step (etching or grinding) in the process to remove this 
excess metal. 
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EXPERIMENTAL PESULTS 


Phase I 

Copper Only System 

The first plating experiments were conducted to test plating copper directly onto 
the silicon surface. This set of experiments only succeeded after using a palladium-tin 
sensitizer (Appendix R, Solution A) before plating on the cell, but the copper was nc»t 
adherent enough for further test. 

riold-C-opper System 

The second plating system developed was a gold-copper system (see Appendix A). 
Gold was thought to be a good material to make the copper stick on the silicon and gold 
plating solutions were readily available. Later when a quick cost analysis showed a 500 
angstroms layer, only on the back of the cell would cost about ^i.08/watt in material cost 
alone, thid direction of research was abandoned. A few adherent cells were made, 
however, leading us to believe a search for good sticking metal was the correct direction 
in the research. 

Chromium-Copper System 

A careful scan of the metals availabe for electroless plating in conjunction with 
their thermal expansion characteristics, suggested chromium would be the best materia? 
for this job. Since chromium is an alternative to titanium in evaporated contacts, the 
choice seemed an obvious one. The first electroless chromium bath (Bath A,Appendix C) 
was found to be hard to control and gave very non-uniform chromium layers. A second 
bath (Bath B, Appendix C) was found, which gave .nuch better results when properly 
sensitized by the tin-palladium solution (Appendix B). This layer, however, had very poor 
adhesion before heat treating which led us to believe a better sensitizer was needed. The 
immersion palladium bath (Appendix E) developed by Motorola, gave a very promising 
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result when used with Rath R. Since the palladium layer left was very adherent and the 
new sensitizing bath was also void of tin, an element known to have low eutectic 
temperature with silicon, the research appeared to be headed in the right direction. With 
tninor modifications, of the palladium bath, uniform and reliable chromium plating was 
now routine. After the chromium layer was plated, the cells were sintered and then 
plated in the electroless copper solution (Appendix R, Solution C). This commercial 
electroless copper bath was only used to make the electrolytic copper layer more 
adherent. The 500 angstroms layer generated from this copper bath made a very uniform 
and consistent layer for the electrolytic bath to plate. The thin electroless plated copper 
layer was then electrolytically copper plated to a thickness between 4-6 microns. Figure 
2 shov/s a typical I-V plot of a cell made with the palladium-chromium-copper sequence 
(full sequence is shown in Appendix F). This cell had a CVD SIO2 layer which led to about 
25-30% increase in current from its antireflection effects. (This layer was used only as a 
plating mask, not as an optimum antireflection coating.) 

Palladium-Copper System 

Since the electroless palladium baths had been developed by Motorola, it was 
thought a palladium-palladium-copper cell should also be studied (see Appendix G). The 
cells were quickly made and Figure 3 shows a typical I-V plot of one of these cells. The 
only concern of using thick palladium for a contact metal is that palladium is relatively 
expensive. Other groups (such as Westinghouse) have also done work looking at the copper 
migration problem and have found palladium does not act as a very good barrier. 

Another important test of contact quality is the contact pull test. In this test 
smalV wkes were soldered to different areas of the cells (front and back). The cells were 
put in a special chuck where the wire could be freely pulled perpendicular to the silicon 
surface while the pull strength was being measured. Since the pull strength is directly 
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CURRENT (mA) 





Vqc - 592 mV 
I 3 Q - 129 mA 
CFF - .77 
n - 11.1% 

AMO - 2 b°C 
A - 4 cm^ 

(AtU t] 13% Larser) 


VOLTAGE (Volts) 





TABLE I 

CONTACT ADHESION 


CONTACT TYPE 

MODE 

AREA 





Ti-Pd-Ag 

Evaporated 

.02 cm^ 

200 gm* 

236 gm’'* 

Cr-Cu 

Evaporated 

? 

,02 cm 

117 gm* 

250 gm*®’ 

Pd-Cr-Cu 

Plated 

.02 cm^ 

83 gm* 

220 gm’^ 

Pd-Pd-Cu 

Plated 

.02 cm^ 

170 gm* 

280 gm”^ 


*Pulled Some Silicon 
■^Cell Broke 


Cell Substrate; 7-14 ohm-cm P-Type - Chemically Polished Front 
A1 Alloyed Back 

Cell data taken from five cell groups. 
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related to the area (assumed linear until the contact or the silicon breaks), the size of the 

2 

soldered area was then measured after pulling and the pull adjusted to a constant .02 cm 
area. Table I shows the results of the pull strength test on four different contact types. 
All tests pulled some silicon with the contact or broke the silicon samples during the pull. 
It is believed that if a textured front surface is used, better adhesion will be obtained. 

Scaling Up the Final Process 

With the palladium-chromium-copper system working on a small scale (plating on 

O 

2x2 cm cells), the next requirement of the contact was to scale up; to a size closer to a 
production type effort. We decided to use 2V diameter cells. These cells would not 
require bath sizes as large as with 3" diameter cells, but the baths would still have to be 
increased in size by a factor of six. Even though t'ne silicon quality was not the highest 
with the scaled-up baths, no fundamental problems occurred. The cells were processed in 
lots of ten (10), since our heat treating furnace could only accommodate five (5) cells at a 
time. 


The immersion palladium bath worked just as before, even with the large number 
of cells processed. Over seventy-five (7 5) 2)4" cells were sensitized in this one bath. The 
depletion rate of this bath appeared to be low. 

The electroless chromium bath (when used successively) depleted very quickly. 
After only the first twenty (20) cells, the plating rate decreased several orders of 
magnitude. It was found, however, if 3.5 grams of sodium hypophosphite was added after 
every ten (10) cells the bath plating rate would remain relatively consistent. Up to forty 
(40) cells have been plated in one bath. But another problem appeared as this bath 
became older. The masked areas of the cell became plated with Hark deposits of loose 
material. This appeared to be a problem stemming from the depletion of other chemicals 
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in the bath. Chromium baths typicaUy can be used up to a week with proper replenishing 
of the used chemicals . 

The electroless copper bath worked repeatedly and did not seem to deplete 
during this test. One problem with the electrolytic copper bath involved the size of the 
power supply. With the present supply only a few cells could be plated at one time, but 
the size of this supply can be inere^sed to plate a large number of cells at one time. 
Figure 4 shows a typical I-V plov from one of these large cells. The front electrode 
thickness was increased to 10 microns on this cell to lower the high series resistance. The 
photomask that was used was the only one readily available fur the cell size. It was 
designed for a silver thickness of 10 microns for a good cell fill factor (CFF) (Plated 
copper, 15 microns thick, would yield a CFF of 77% with this mask). A new mask was 
designed that required only 5 microns of copper for cells generating a 74-76% curve fill 
factor. Table 2 shows a group of five cells taken in random from the forty (40) cells 
delivered to OPL. Only one cell, No. 4, was shunted. This is believed to be from an 
aluminum alloy problem, not from cell contact problems. 

Evaporation Experiments 

After the new plated contact system was well developed, the question of long 
term reliability of cells with copper contacts was still unresolved. Simple heating (400- 
500°C) of the plated cells reduced and CFF but sometimes the thick copper layer 
would peel (probably due to the sudden changes of temperature with the differences in 
linear expansion of the metals). It was decided in order to closely control the metal 
layers, that is to eliminate any plating variables such as thickness or bath impurities, a 
heat treatment test of evaporated chromium -copper system would be conducted. The 
first test (Test No. 1) was done on cells made previously as a comparison in efficiency of 
the plated cells. These cells were given a limited heat treat cycle with temperatures 
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ranging from ^00-500°C. Table shows the cell data after the heat treatments. Some of 
the cells appear to remain about the same, where the others degraded severely. Since this 
test included only cells with plated copper, a more controlled test was needed. Table 5 
shows the different contact cell groups and test parameters of Test No. 2. Notice there 
were two groups of each type contact system, chromium-copper and titanium-palladium- 
silver. One group used evaporated metals together with plated metals (copper or silver) 
while the other used evaporated metals only. The cell groups were marked C - for 
evaporated chromium-copper, CP - for evaporated chromium-copper-plated copper, T - 
for evaporated titanium-palladium-silver (2000 angstroms silver), and TP - for evaporated 
titanium-palladium-silver-plated silver. These four groups of cells were used to separate 
the effects of plating, namely the mode (3) (migration through the plating mask) shown in 
figure 1. Table 6 shows a summary of typical cells from each group after the *'i00 and 
500°C heat treatment. The results show cells which indicate very little degradation with 
the ^00°C heat treatment. But with the 500°C heat treat, degradation was apparent from 
all the cells with copper contacts. Cells that had plated copper, degraded much worse 
than the evaporated-only chromium-copper cells, indicating it was bad for the copper to 
directly touch the silicon surface. Since even the evaporated chromium-copper showed 
some degradation, it was apparent that mode (1) (migration through the chromium layer) 
was operating with this contact test. Figure 5 is a forward bias dark I-V plot of typical 
cells taken from Test No. 2 heated at ^00°C. 


There appears to be little difference between the groups. Figure 6 shows the 
results from cells of the 500°C heat treating, indicating again that the copper cells 

degraded. Notice on Table 6, the red and blue current responses (1^^ and ) were 

o R B 

unchanged even after the severe 500°C heat treat, indicating no reduction of minority 

carrier diffusion length. From the dark IV data, and the constant generated current 

levels, conclusions of the effects of copper migration can be made. It appears that the 
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TABLE 5 

EVAPORATED CONTACT TEST NO. 2 


GROUP NO. 

CONTACT TYPE 

1 

Cr-Cu (lOOOA Cr - 5000A Cu) 

2 

Cr-Cu- Plated Cu (4-6 microns) 

3 

Ti-Pd-Ag (only 2000A Ag) 

4 

Ti-Pd-Ag-Plated Ag (4-6 microns) 


Sets from each group were heated at 400°C, 

450°C, and 500°C for 5 minutes in Nitrogen. 

Groups 1 and 3 plated-up after heat treat- 
ments for proper comparison.' 

NOTE: EACH SMALLER GROUP CONTAINED A SET OF 5 CELLS. 
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FIGURE 6 

Heat Treat Results - Dark I-V Plot 
Test No, 2 

500°C-1000 Anostroms Chromium 



Evaporated Chromium-Copper 

Evaporated ChroniiunrCopper-Plated Copper 

Evapo rated T i tan i um-Pa 1 1 ad i un-S i 1 ve r 

Evaporated Titaniuni-Palladium-Silver-Plated Silver 
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COMPARISON OF TEST NO. 2 RESULTS TO TEST NO. 3 RESULTS IN CHANGE 


rABmuTE CHANGES OF THE FORWARD 


400-500°C 


29.2 mV 
259.3 mV 

7.4 mV 
34 mV 


DATA AT .; 

3 VOLTS 

9.1 

mA 

199.3 

mA 

.4 

mA 

29.5 

mA 


Group 1, Test No. 2 
Group 2, Test No. 2 
Group 1, Test No. 3 
Group 2, Test No. 3 


Cells have lOOCA Cr-5000A Cu 

Cells have lOOOA Cr-5000A Cu-4 Plated Cu 

Cells have 2000A Cr-5000A Cu 


Group 2, Test No. 3: Cells have 2000A Cr-5000A Cu-4 Plated Cu 
'lOTE; Each cell group had five cells. 
















copper is migrating and creating acceptor states in the depletion region of the cell. This 


would have the effect of lowering the as well as the reducing the curve fill factor. 
However, as noted, the lifetime of the silicon in the bulk and near the junction-region was 
unchanged as indicated by the red and blue response, respectively. Therefore, this series 
of tests indicate that copper when diffusing into a solar cell will quickly cause junction 
problems (states in the depletion region) and not carrier lifetime problems in the bulk 
region. 


Test No. 3 was designed to look at the effects o( the same tests in Test No, 2 but 
with an increase in thickness of the chromium layer to 2000 angstroms. Only groups I, 2, 
and were used from Test No. 2. Groups 3 and in Test No. 2 were basically control 
groups. When little difference was seen between them, it was thought only group would 
be needed as a control to Test No. 3. Table 7 shows a summary of the data for the 2000 
angstroms chromium test. A full accounting of the data is in Appendix I. Figure 7 shows 
the forward bias dark I-V data for cells from Test No. 3 heated at ^00°C. Notice as 
before there is very little change in the curves, especially at .3 volts region controlled by 
space charge effects. Figure 8 shows the same plots for cells heated at the 500°C level. 
The Group I cell showed a very small change in the current at the .3 voltage level as 
compared to the same plot in Task No. 2, Figure 6. The Group 2 cell again showed a large 
change at the .3 voltage level, but still smaller than the comparable plot from Test No. 2, 
Figure 6. Again the data seems to indicate that plated copper is touching the silicon 
surface caused by the poor plating mask. Table 8 shows a comparison of changes in 
over the temperature range and dark current at ,3 volts for the different groups with the 
same thicknesses. This clearly shows a decrease in the changes caused by the 500*^0 heat 
treat by the increased thickness of the chromium. 

From these results, it became apparent for a copper based system to work over a 
long period of time, a suitable metallic barrier would have to be found to stop the copper 
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from migrating to the silicon surface. 


Phase ti 

The work in Phase II was set-up to address this problem of finding a suitable 
barrier layer. 

A literature search was conducted to locate papers dealing with copper diffusion 
and/or interactions with different metallic barriers. It was perferred that the search be 
restricted to papers dealing strictly with diffusion studies using thin films, but during the 
search it was found that only a limited amount of data on thin films are available. 

Most sources use bulk samples in polycrystalline or crystalline form. The papers 
used a variety of techniques of measuring copper diffusion ranging from radioactive 
tracer experiments to use of an electron microprobe. 

Data was found on the following different metal systems; Cu>Ag, Cu+Au, Cu-^Fe, 
Cu-)Co, Cu-Cr, CrK^u, Cu4^e, Cu>li, Cu>Ni, CiH^d, PcHIu, Cu+Pt, Cu>Sb, Su>Ti, CuHJ and 
Cu-^r. Also two papers were found on the Cr-Cu contact system, mainly dealing with 
contact stability. (See Appen^ii.x K.) 

As stated in the introduction, an evaporated contact study was conducted to test 
the conclusions from the paper study. It is realized that plated metal layers are usually 
less dense than evaporated layers and that the results from the evaporation study may not 
apply to the plated layers. 

Figure 9 shows a summary of the diffusion data found from the different sources 
(3). The lines on the far left of the plot are the metals that act as the best copper 
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A Cu-*-Ag 
o CUh-AU 

Cu-^BE 
2 cr-cu* 
t CU-^FE 
D Cu-^Nl 
0 Pd‘»-Cu # 

X Cu->Pt 

0 Cu-^Zr 

* Only data 
found 

1 Cu->Co 



barriers. The best metal appears to be platinum, with nickel a close second. Nickel was 
then chosen as the best candidate for a cheap platable copper barrier. 

Heat Treatment Study 

A heat treatment study using evaporated metals designed to test the results of 
the paper study was initiated and completed. The study monitored the CFF and 
of active sJar cells for degradation effects caused by the heating. Early experiments had 
shown that when copper diffuses into an active solar cell, there is an immediate decrease 
in the cell V without any change in the 1 (with the expected decrease also of the curve 
fill factor). The purpose of this study was to check experimentally if nickel is a good 
barrier to copper. The test matrix details are as follows; 


(i) All heat treatments were done in nitrogen only. 

(ii) Properties of the solar cells were evaluated before and after the heat 

treatments. 

(iii) Heat treatment details; 

TIMES TEMPERATURES (°C) 

(MINUTES) 

5 ^00 U50 500 550 600 

1 5 m Il50 500 550 600 

(iv) Cell tests included control cells using Ti-Pd-Ag contacts. 

(v) Cell groups contained 5 cells. 

Results from several contact systems were previously reported (3). 

Figure 10* shows the change of the (of 2000 A - thick Ag contacts) with 
heating, as compared to the Ti-Pd-Ag control cells. This system appears stable to about 
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CHROMIUM-COPPER CONTACTS 
RESULTS OF 5 MINUTE HEAT TREATMENT 
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CHROMIUM-COPPER CONTACTS 
RESULTS OF 15 MINUTE HEAT TREATMENT 
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FIGURE 16 

CHROMIUM-COPPER CONTACTS 
RESULTS OF 15 MINUTE HEAT TREATMENT 




0 


-20 


-40 


-60 


-80 


-100 


-120 


-140 


■160 


-180 


-200 






\ 


X: 10008 

A: 20008 

0: 30008 


5 


o 

o 


\ 


\ 


\ 


N 

\ \ 

\ \ 

\ \ 

o\ \ 


\ 


\ 


\ 


\ 


\ 


W 

w 

\ \ 

\ \ 

M 

W 


\ 


\ 


\ 


\ 


! 


\ 1 

\ I 


ll 


SUMMARY OF DATA TAKEN BEFORE 

AND AFTER EACH TEMPERATURE EXPOSURE. 


\'l 


HEAT TREATMENT TEMPERATURE °C 




300 


AOO 


500 


-44- 


600 




+60 


+50 

+^^0 


FIGURE 17 

CHROMIUM-COPPER CONTACTS 
RESULTS OF 15 MINUTE HEAT TREATMENT 
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CHROMIUM-COPPER CONTACT 
RESULTS OF 15 MINUTE HEAT TREATMENT 


/ / 
/ / 
// 

// 


x: 10008 

.s! 20008 
0! 30008 


SUM \RY OF OATA TAKEN BEFORE AND AFTER EACH 
TEMPERATURE EXPOSURE. 


HEAT TREATMENT TEMPERATURE °C 


,1 


400 


- 46 - 


00 





n 


• 


1 

j 

i 

+2C 




C 


8— -8 8 





1 

-2C 



; 



FIGURE 19 




CHROMI m-H I CKEL-COPPER CONTACTS 

• 



RESULTS' OF 5 MINUTE HEAT TREATMENT 

i 

% 



x: CHROMIUM lOOoX - NICKEL lOOoX 




0 : CHROMIUM lOOoX - NICKEL 200oX 

' 


> 

2 : 

a: CONTROLS 





! 


0 

0 

> 


] 


<1 






i 

1 

-140 



■ 

i 

' 

-160 



1 

i 

j 



SUMMARY OF DATA TAKEN BEFORE AND AFTER EACH 

■ 

-180 


TEMPERATURE EXPOSURE. 

. 

-20C 


HEAT TREATMENT TEMPERATURE °C 

; 

' 


1 t 


500 600 


300 


400 


- 47 - 


+60 


+50 
+i|0 ■ 

+30 

+20 


FIGURE 20 

CHROMIUM-NICKEL-COPPER CONTACTS 
RESULTS OF 5 MINUTE HEAT TREATMENT 
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CHROMIUM-NICKEL-COPPER CONTACTS 
RESULTS OF 15 MINUTE HEAT TREATMENT 
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FIGURE 23 

CHROMIUM-NICKEL-COPPER CONTACTS 
RESULTS OF 15 MINUTE HEAT TREATMENT 
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600 


500°C. Figure II shows the change of for 2000A Cr - thick silver contacts, as 
compared to the Ti-Pd-Ag control cells. This system appeared stable to about 550°C. 
Also a test was done using 1000 A Pd and 3 microns of copper (Figure 12). The cells were 
severely degraded even for the 400°C heat treatment. From the paper study the diffusion 
data predicted that at 560 C, a 1000 A Pd layer would only protect the silicon from the 
copper for 51 seconds using a single mode diffusion calculation. Thus these results seem 
reasonable. Further experiments were not monitored and relatively no change was seen 
over the entire temperature range. This would indicate that if copper diffused into the 
silicon it did not cause any bulk lifetime reduction. 

*NOTE: The points plotted on Figure 10 (and following Figure 11 through 24) represent 
the average measured for 5-cell groups. 

For the next set of tests, more data was added to better understand the changes 

the devices were exhibiting during the heat treatments. The tests were expanded to 

measure V „ and 1 , the curve fill factor (CFF), and the dark forward I-V characteristics 

oc sc 

before and after the heat treatments. First chromium-copper contacts were studied using 
three different thicknesses of chromium, lOOOA, 2000A, and 3000A. Figure 13, 14, and 15 

e 

show results of five minute heat treatments, "’’he cells with 2000 or 3000A chromium 
appeared to be stable to temperatures as high as 550°C. Notice the change in CFF and in 
dark current at .3 volt data (Figures 14 and 15) data support the data (Figure 13). 
Figures 16, 17, and 18 show the results of the 15 minute heating for the chromium copper 

o c» 

system. Again the 2000A and 3000A layers of chromium held up better than the lOOOA 

O 

chromium layer cells. Perhaps the lOOOA layer cells had more pinholes or surface cracks. 
The 2000A and 3000A chromium layer cells performed well until 500°C. At higher 
temperatures all three plots indicated severe degradation of the cells. 
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The next contact system that was studied was chromium-nickel-cop^'n.**. The 
chromium was evaporated only in a 2000A layer whereas the nickel was evaporated in 
lOOOA and 200oA thicknesses. For the five minute heat treatments the contact system 
performed well to 550°C and only showed a small amount of degradation at 600°C. These 
results are shown in Figures 19, 20, and 21. Figures 22-2^i show the graphical results of 
the 15 minute study. The cells performed better than the Ti-Pd-Ag controls at 600°C. It 
appears that even when the Cr-Ni-Cu Cells start to degrade (500°C) the degradation rate 
is slower than with the Cr-Cu ceils. These results confirm that nickel is a good barrier to 
copper diffusion. 

Experiments were also made to study the Pd-Ni-Cu system. This work would 
explicitly show the barrier qualities of nickel, since palladium is such a poor barrier. 
Palladium (if it is not sintered) does not stick to the silicon surface very well and when 
the highly stressed nickel layer was deposited the contacts lifted off. Therefore, no 
reasonable results were obtained for Pd-Ni-Cu contacts. 

Plating Mask 

In the present process, who plating masks are used for different steps in the 
process. The first mask (mask A) establishes the contact pattern (by etching) in the 
second mask (mask B) and protects this mask from the immersion palladium bath. The 
second mask (Si 02 ) shields the large non-contacted areas of the cell from the other 
plating baths (since the mask A is removed after the immersion palladum plating). Also 
this mask restricts the copper plating to the previously metallized areas and minimizes 
copper contamination of the silicon surface. 

In phase I, mask A was a photoresist mask. This was known to be expensive and 
work was done in Phase II to find a less costly mask. The newly developed mask A was a 
screen printable plastic plating resist which was solvent removable. Figures 25 and 26 
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shows the contact pattern developed for the 2H." dianrteter cell with a typical 1-V Plot, and 
Figure 26 and 27 shows the pattern used for the 3” diameter cells with a typical I-V plot 
also. Roth patterns yielded line resolutions of about five mils and contact coverages of 10 
to 12%. 


Mask B throughout the program was a CVD deposited Si02 layer. This layer once 
patterned (using Mask A) perofrmed very well In all other baths except the immersion 
palladium bath. Table 9 shows the results using a number of different plating masks. On 
this table the masks are evaluated in all the different baths. 

At the end of Phase II we were leftr with the conclusion hat nickel was the best 
barrier material and it should be incorporated into the process. This would be included in 
old system! (a) immersion palladium bath (b) chromium bath (c) nickel bath (d) electroless 
copper bath (e) electrolytic copper and (f) corrosion barrier layer. This process seemingly 
was getting more complex and certainly more expensive. Therefore, work was done on 
simplify the process, but including the nickel barrier layer. 

Phase HI 

Work was done on (a) effort to replace the immersion palladium bath with an 
adherent nickel bath (b) replace the chromium layer with a single nickel layer and (c) 
elimination of the electroless copper layer and using just the electrolytic copper layer. 

Palladium Bath Replacement 

It was hoped that an "immersion nickel bath" might be found that would yield the 
same results obtained by the immersion Pd bath, that is, a low contact resistance, highly 
adherent layer. Since palladium also is the only "noble" metal used in the process, its 
replacement might yield a process requiring only one sintering. 
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FIGURE 25 
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Figure 27 
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TABLE 9 


PLATING MASK RESULTS 


PLATING MASK 

RESULTS 

BATH 

TYPE 

FAILURE REASON 


3 

A 


POSITIVE PHOTORESIST 

2 

B 

Became brittle with heat 


0 

C 

Desol ved 


0 

A 

Etched 

CVD - Si02 

3 

B 



3 

C 



0 

A 

Etched and plated 
palladium 

SiO - EVAPORATED 

3 

B 



3 

C 



0 

A 

Plated palladium every- 
where 

TagOg - EVAPORATED 

3 

b 



3 

C 



2 

A 

Slightly etched 

SigN^ - LOW TEMP. CVD 

3 

B 


3 

C 



3 

A 


PRINT-ON MASK 

2 

B 

Became brittle with heat 


3 

C 



NOTES: 0-poor, 1-fair, 2-good, and 3-excellent. 

Masks are rated only in their ability to hold up to 
the plating solutions. 

Baths: A - Immersion Palladium 

B - Chromium Bath/Nickel Bath 
C - Electroless Copper 
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The first bath tested was a "basic" bath activated by a boron compound instead 


of a phosporus compound. The resultant plated nickel should contain no phosphorus and 
only 2% boron. The solution v as mixed as follows; 

1) Nickel Sulfate - 20 gm/l 

2) Potassium Sodium Tartr; - dO gm/l 

3) Sodium Borohyrirle - 23 gm/l 

If) Ph (adjust with NAOH) - 12.5 

5) Temperature 

The solution was found to be very unstable and if the Ph fell below the 12.5, the 
bath would quickly '♦'compose. The plated layers of nickel even using different heat 
treatments were not very adherent, results which made the bath less attractive. 


The second nickel bath tested was an acide bath Ph 5-5.2. The formulation of 
the bath is as follows: 

1) Nickel Sulfate - 80 gm/l 

2) Sodium Acetate - 12 gm/l 

3) Boric Acid - 8 gm/l 

4) Ammonium Chloride - 6 gm/l 

5) Sodium Hypohposhite - 2d gm/l 

6) Temperature - 93°C 

This bath, though very stable, would not plate nickel unless the surface of the 
cell was sensitized with palladium, therefore, rendering the bath useless as a palladium 
bath replacement. There were other baths that could be tried, but they were beyond the 
scope of the present contract. The summary remarks on nickel plating are that nickel 
could not oe plated satisfactorily onto silicon surfaces. Hopefully, work can be continued 
in the search for a bath replacement. 
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Chromium Bath Replacement 


With the addition of the necessary nickel layer to prevent '.opper migration, the 
contact process was getting too lengthly and complex for a low cost process. It was 
thought that the chromium layer from the old process could be wholely replaced by the 
nickel layer instead of adding the additional nickel layer to the old process. This certainly 
will be a more cost effective route in achieving a low cost contact system. 

Removal of The Electroless Copper Step 

It was found if the electrolytic copper was plated to the nickel layer at a very 
slow initial rate, good adhesion was obtained. This eliminates the need for the electroless 
copper layer, which is another cost savings. 

Fii'.al Plating System 

The final plating process first used the immersion palladium bath (50A) for 5 
minutes followed by a sintering at 400°C for 10 minutes in nitrogen. The loose palladium 
material is removed by a 2 second aqua regia dip followed by a 5 minute D1 water rinse. 

O 

Next a 6 minute electroless nickel plating (2000 A) is done followed by an electrolytic 
copper plating (5 microns). Last, the cells are sintered for 5 minutes at 300°C in 
nitrogen. This step not only improves adhesion, but also "weeds out" any defective cells 
with copper diffusion problems (pinholes in the nickel layer). The problem with this 
process has only appeared in 1-2% of the cells. 

Sintering Study of the Final Plating Sequence 

For proper evaluation of the plated contact system, a test heating matrix was 
set-up to evaluate the finished plated cells for resistance to copper migration. The 
earlier systetn, that used Pd-Cr-Cu contacts showed copper degradation with sinterings as 
low as 300^C' for “j minutes in nitrogen. Table 10 shows the results of the sintering test 


- 62 - 


using 2H" diameter cells and the Pd-Ni-Cu contact system. Each data point, an average 
ol three cells, relates the change of open circuit voltage Voc, the short circuit current 
Isc, and the curve fill factor CFF. The plus or minus signs relate a positive or negative 
increase or decrease. Notice in Table 10 that with the 400°C 15 minute sintering, the 
cells show severe shunting, characteristic of copper diffusion. Therefore, our new contact 
system will tolerate lOoV. more in temperature before copper migration shunts the cell 
(400°C for 5 minutes). More work in the future should be done on relating these time 
temperature tests to actual in the field studies. (Panels will be constructed with these 
cells and taken through laboratory environmental studies as well as field exposure studies 
for a full evaluation.) 

Contact Pull Tests of the Final Plating Sequence 

Table 11 shows the results of pull tests done on a sampling of cells made for 
delivery to 3PL. Notice in all cases the pull test resulted in silicon being pulled when the 
contact separated. Performance of these cells appear satisfactory for a low cost solar 
cell approach, but full evaluation tests in actual panels will establish the process 
reliability. 

Conclusion and Recommendations 

A reliable copper contact system has been developed that will yield high quality 
low cost contacts to silicon solar cells. The final process plating sequence developed 
under this contract is a palladium - nickel - copper plating system. The system is 
described in general terms in Appendix I. Detailed process specifications for the final Pd- 
Ni-Cu system has been documented and sent to CIPL under separate cover. Process 
specifications can be obtained from the LSA-PP & E area of 3PL as part of their 
Technology Transfer Program. The costing of the process is determined by the 5AM1CS 
Format A's of Appendix (L). Further studies are required to establish the reliability of the 
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TABLE 10 


SINTERING STUDY RESULTS* 
PLATED Pd-Ni-Cu CONTACTS 


TIME 

TEST 

TEMPERATURES 

300'’C 

350®C 

400°C 


Voc 

0 

+4mV 

+2mV 

5ini n . 

Isc 

0 

+ .3ma 

0 


CFF 

0 

+ .01 

+ .02 


Voc 

0 

+3mv 


15 min. 

Isc 

+,2ma 

+ .5ma 



CFF 

-.01 

-.01 

-.40 


♦Table shows the average change of each group. 
Groups consisted of three cell sets. 


















TABLE n 


PULL TESTS 


COKTACT ADHESION 





PULL STRENGTH 

CONTACT TYPE 

MODE 

AREA 


W&M 

Ti-Pd-Ag 

EVAPORATED 

.02cm^ 

200 * 

236 * 

Pd-Ni-Cu 
Test 1 (1 cell) 

PLATED 

.02cm^ 

200 * 

200 * 

Test 2 (1 cell) 

PLATED 

.02ciii^ 

300 * 

300 * 

lest 3 (1 cell) 

PLATED 

.02cm^ 

Broke Wire 

400 * 


♦PULLED SOME SILICON 
+CELL BROKE 


Cell Substrate: 7-14 ohm-cm P-type - Chemically Polished 
Front - A1 Alloyed Back 











process in a production environment. It also may be possible for further cost reductions 
of the process by simplifications of the process, that is, a cheaper masking material, a one 
step adherent nickel plating., and a one step sintering process. Larger quantities of ceils 
need to be analyzed and solar panels made and tested before the question of reliability 
can be determined. 
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APPENDIX A 


GOLD CYANIDE SOLUTION 


200 

ml 

Deionized Water 

2 

gm 

Gold Cyanide 

10 

ml 

48% HP 


Use at room temperature under a bright light for 2 minutes. 

This solution was discussed on Page 11. Use was discontinued 
due to high cost. 


APPOffilX B 


COMMERCIAL PLATING SYSTEM 

A) Dyruiplate Activator 120 

B) Dynaplate Conditioner 101 

c) Dynaplate 240 Electroless Copper 

All solutions made by Thiokol/Dynachem Corporation. 

Use at room temperature. 

This bath is used in the final contact sequence, but only 
Bath C. The thin layer of copper generated from this bath, 
makes the electrolytic copper adhere better. See Process 
Specifications Cor Baseline J’rocedureu, May 31, 197 9, 
Contract No. 9S5244. 
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APPENDIX C 


ELECTROLESS CHROMIUM BATHS 


Hath A 

Cliromium Fluoride 
Chromium Chloride 
Sodium Citrate 
Sodium Hypophosphite 


15 c*m/l 
1 gm/1 
7 . 5 gm/1 
7 . 5 gm/1 


The operating temperature was 85-95°C. 


Hath H * 

2x2 cm Cell 

2* 1/4" 

Cell 

Deionized Water 

200 ml 

o 

o 

cc 

J — f 

ml 

Chromium Acetate 

6 gm 

42 

gm 

Nickel Acetate 

. 4 gm 

28 

gm 

Sodium Citrate 

8 gm 

56 

gm 

Sodium Glycolate 

8 gm 

56 

gm 

Sodium Acetate 

4 cm 

20 

gm 

Sodium Hypophosphite 

5 gm 

35 

gm 


The operating temperature was 85-90°C. 


*This bath formulation was selected for the final cliromium 
plating sequence. See Process Specification Procedures for 
platJ-ng formulations and operating conditions, Contract No. 
955244, dated May 31, 1979. 


Formulations taken from "Electroless Plating Today" by 
Dr. Edward B. Saubestre. 
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APPENDIX D 


F.LEC TROLYTIC COPPER SOLUTION 

Deionized Water 1000 ml 

ll2SO^ 30 ml 

CuSO^ 200 ml 

Solution used at room temper*iture. Cells plate 'v.S microns 

2 

per minute at 7 mA/cm . 

This soultion was used in final contact sequence. See 
Process Specifications for Baseline Procedures, May 31, 1979, 
Contract No. 955244. , 
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APPENDIX E 


MOTOROLA'S PLATING SOLUTIONS 


Immersion Palladium Bath* 



2x2 cm Cell 

2 1/4*’ Cell 

3" Cel 

Deionized Water 

300 ml 

1800 ml 

2400 ml 

PdCL 

.05 gm 

.3 gm 

.4 gm 

HCL 

1 ml 

6 ml 

8 ml 

NH 4 F 

20 ml 

120 ml 

160 ml 

Mixed in a sonic 

bath and used at room 

temperature ip the 


dark. 




Electroless Palladium Plating Bath”*^ 



Deionized Water 

830 ml 



HCL 

4 ml 



PdCLj 

2 gm 



NH 4 CL 

27 gm 



NAH 2 P 0 ^ 2 H 20 

6 gm 



NH.OH 

160 ml 




*Bath was used In final process. See Process Specification 
Procedures for plating formulations and operating conditions, 
Contract No. 955244, dated April 3J,1980. 

^Bath only used for certain experiments. Palladium costs 
were too high. 
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APPENDIX F 


CtlHOMIUM-COPPER PLATED CONTACT PROCEDURE 

t 

). Standard 2x2 cm substrates or 2 1/4" cells. 

2. Photoresist and etch. 

3. Immersion palladium batli (Appendix E) . 

a) five (5) seconds 6% HP. 

b) Immersion pallad.'um bath for 5 minutes in the dark. 

c) Scrub cell with Q-lip, deionized water rinse. 

d) Remove photoresist with acetone. 

e) Heat treat 15 minutes at 400°C in N 2 » 

4. Electroless chromium bath (Appendix C) . , 

a) Five (5) seconds 6% HP. 

b) Deionized water rinse 5 seconds. 

c) Immerse cells for 15 minutes, rinse deionized water. 

d) Heat treat 15 minutes at 400°C in H 2 * 

5. Dip in 6% HP 5 seconds and then 5 seconds dip in 
deionized water. 

6. Immerse in Dynachem electroless copper solution for 
5 minutes at 35°C. 

7. Plate ixi electrolytic copper solution for 20 minutes 

at (7 mA/cm^) for plating front and back simultaneously. 
Procedure plates 4-6 microns of dense copper. 

For more detailed procedure see Process Specification 
Procedures, Contract No. 955244, dated May 31, 1979 
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APPENDIX 6 


PLATED PALLADIUM-PLATED COPPER PROCEDURES 


1. Standard 2x2 cm substrates. 

2. Photoresist and etch. 

3. Immersion palladium bath (Appendix E) . 

a) Five (5) seconds 6% HF. 

b) Immersion palladium bath for 5 minutes. 

c) Scrub with Q-tip, deionized water rinse. 

4. Electroless palladium bath (Appendix E) 

a) Five (5) seconds in 6% HF. 

b) Immerse in bath for 2 minutes at 40°C. 

c) Heat treat 400°C in N2 for 15 minutes. 

5. Dip in 6% HF for 5 seconds and rinse in deionized water 
for 5 seconds. 

6. Electroless copper bath (Appendix B) for 2 minutes. 

7. Electrolytic copper bath (Appendix D) 

2 

a) Twenty (20) minutes at 7 mA/cra for 4-6 mxcrons layer. 

Process abandoned in favor of Pd-Cr-Cu of Appendix F 
largely because Pd-Cr-Cu is a more cost effective plating 


sequence. 


APPENDIX H 


ELECTROLESS NICKEL SOLUTION 


Solution ^139-500011-71 Electroless Nickel Solution obtained from 
J.E. Halma Company Inc., 91 Dell Glen Avenue, Lodi, N.J., 07644 

Solution Is poured full strength Into a heated glass vessel the 
appropriate size. Ammonium hydroxide Is added until the ph Is 
'v.8.2. The solution Is maintained at 90“C and kept covered to avoid 
excessive evaporation. 


APPENDIX I 


PROCESSES AND PROCEDURES FOR CONTACTING SILICON 
SOLAR CELLS WITH A PALLADIUM-NICKEL- COPPER PLATING SYSTEM 


PROCESS SPECIFICATIONS 
APRIL 31, 1980 


3PL CONTRACT NO. 9552<I^ 


PREPARED BY D.P. TANNER 

OPTICAL COATING LABORATORY, INC. 
PHOTOELECTRONICS DIVISION 
13251 EAST DON JULIAN ROAD 
CITY OF INDUSTRY, CA. 917^6 


INTRODUCTION 


A final copper-based contact system has been developed of which this 
document will detail the processt The system does simultaneous deposition of base 
metals on the front and back of the cells. First an immersion ^ .adium bath 
(1) is used, which deposits —40 angstroms of palladium on the desired areas of the 
ceil. This layer is sintered and the top nonadherent surface material is removed 
chemically. Next an electroless nickel bath is used which deposits ^2000 
angstroms of nickel. Nickel has been shown to be a good conductor and excellent 
barrier to copper diffusion. The last layer is an electrolytic copper layer plated to 
a thickness of 4 to 6 microns. Then the nickel and copper layer is sintered for good 
adhesion and to establish the reliability of the copper barrier. 

The process (chemical baths and fixturing) is now set-up for 3” diameter 
cells. This report will sequence the process, list the chemical? used, the mixing 
procedures, and relate the timing of each step. 

The plating cell material used was 7-14 ohm-cm, p-type silicon 
approximately 12 mils thick. Cells had a 25 ohm/square phosphorus diffusion on 
the chemically polished front and a printed aluminum paste alloy on the back, 
giving the backs a rough surface as well as a back surface field. 

The plating system has been developed on a laboratory scale process. 
Problems involved in scaling up to a production level have not been investigated. 

(1) Base immersion palladium bath was developed at Motorola, 3PL 
Contract No. 954689. 
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CHEMICALS 
o WET 

Acetone, Electronic Grade 
Ammonium Fluroide 40% NH^F, Electronic Grade 
Ammonium Hydroxide, NH-OH, Electronic Grade 
Deionized Water 

Electroless Ni Solution //1 39-5000 11-71* 
Hydrochloric Acid, 37% HCL, Electronic Grade 
Hydrofluoric Acid, 48% HF, Electronic Grade 
Nitric Acid, HNO^, Electronic Grade 
Plating Resist, ER-6055** 

Plating Resist Reducer, ER-48073 
Sulfuric Acid, H2SO^, Electronic Grade 
Trichlorethlene, Electronic Grade 


o DRY 

Copper Sulfate, Reagent Grade 
Palladium Chloride, 99.9% Anhydrous 


*Obtained from 3.E. Halma Company, Inc., 91 Dell Glen Ave., Lodi, N3 
07644. 

**Obtained from Colonial Printing lnl< Company, 180 E. Union Ave., E. 
Rutherford, N3 07073 
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EQUIPMENT LIST 


• Plastic or Pyrex Trays 

• Plastic Cassette Wafer Holders 

• Thermometers 

• Timers 

• Hot Plates (with temperature controls) 

• Plastic Tweezers 

• Exhaust Hoods 

• Protective Clothing 

• Plastic Graduated Cylinders 

• Sintering Furnace (Lindberg Model 55773) 

• Quartz Boats 

• Power Supply (0-20 volts, 0-10 amps) 

• Heat Lamp 

• Ph Meter 

• Screen Printer (Forslund Model 35-00) 


EQUIPMENT AND FACILITIES 

A laboratory size screen printer (8”x 12” screen) was used to print on the 
plating resist. This machine required manual operation, but the process proved to 
be relatively simple, enabling us to print several cells per minute. 

The plating experiments were done in exhaust hoods, even though only one 
of the solutions (Ni bath) seemed to give off fumes. Certainly, a production scale 
plating set-up, should be in a well vented area. 

All plating baths containing hydrofluoric acid should be in plastic 
containers, for which we used polyethylene trays. The nickel bath was in pyrex 
tray which could be heated. Rinse water was continuously flowing in platic trays. 

The cells were held in plastic cassette wafer carriers during the actual 
plating steps. For the heat treatments, cells were manually loaded onto quartz 
boats, a procedure that can be modified in the future to a direct dump transfer 
process when large furnace tubes are used. 

Heat treatments were done in resistively heated quartz tubes in a 
nitrogen only atmosphere. 

Finally, the electrolytic bath used a power supply (20 volts, 0-10 amps) to 


plate-up the copper layer. 


SOLUTION PREPARATION 


• nilute Hydrofluoric (6% Solution) 

Mix 2400 ml of deionized (Dl) water with 336 mil of 48% electronic grade 
hydrofluoric acid. A covered plastic tray is used in the sequence. 

• Immersion Palladium 

DI water (2400 mil) is mixed with .64 gm of palladium chloride in a plastic tray 
which is then placed in a sonic bath. Eight (8) ml of hydrochloric acid is then 
added, followed by 120 ml of ammonium fluroide. The solution is mixed in the 
sonic bath for 30 minutes. The solution should be aUowed to stand for several 
hours before use, and is kept covered when not in use. 

• Aqua Regia 

This solution is mixed in a ratio of HNO^ to HCL of 1:1. This solution should 
be mixed one hour before use. 

• Electroless Nickel Solution 

This solution is mixed in a pyrex tray to allow heating to its operating 
temperature of 90°C. Four thousand (4,000) ml of the premixed electroless 
nickel solution is mixed with a small amount of ammonium hydroxide until the 
ph is 8.2 (monitored by a ph meter). Over 50 3" diameter cells have been 
plated from one solution. 

• Electrolytic Copper 

The electrolytic copper solution consists of 6000 ml of Dl water, 60 ml of 
sulfuric acid, and 1200 gms of copper sulfate. The anode (+) is a massive 
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copper block in which the cells are the cathodes (-) (see Figure 1). 
supply requirements are adjusted to accommodate plating of the 
number of cells. 


4 , 


Power 

desired 
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FIGURE 1 







ELECTROLYTIC COPPER BATH 

1. Power Supply 

2. Copper Solution 

3. Copper Block 

Cell Holder With Clip 
5. Cell 
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PRINT-ON PLATING MASK PPOCEDURES 


1. Add 5% by volume of the reducer ER-48073 to the ER-6055 plating resist 
and mix. 

2. Silk Screen the resist on the top surface of the cells using a 1/8" distance 
between the screen and the cells. 

3. Dry cells under heat lamp (G.E. Infrared Heat Reflector Lamp, 250W) at a 
2 ft. distance for 5 minutes. 

The cells are ready for plating. 

Mask Material; ER-6055 Blue K.B. Fine Line Plating Resist 

Reducer: ER-48073 

Company: Colonial Printing Ink Company 

180 E. Union Avenue 
E. Rutherford, N.3. 07073 

PRE-BATH PREPARATION 

The cells before plating are prepared so the plating will form proper contacts. 

The basic process sequence is as follows: 

(A) Celis are diffused and have aluminum alloy BSF. 

(B) The fronts are then coated with 5000 angstroms of CVD Si02 for a 
plating mask. 

(C) The fronts are printed with the plating resist and a metallization 
pattern is etched into the CVD Si02. 

(D) The plating resist is left on, to mask the cell from the immersion 
palladium bath. The Si02 is the mask for the nickel and copper 
ba'chs. 
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PROCESS SEQUENCE 

NOTE: All baths, rinses, and sintering times are not critical. They may be varied 
+ 5% with no effect to the plating process. Unless otherwise specified, solutions, 
mixtures, rinses, are at ambrient temperatures. 

1.0 IMMERSION PALLADIUM 

J.l Load cells (which have been printed with plating resist) into 
cassette holder (25 cells per cassette). 

1.2 Etch CVD through pattern defined by plating mask. Place in 6% 
HF solution for 5 minutes. 

1.3 Directly place the cassette into the immersion palladium solution 

for 5 minutes. This plating is done in the dark while continuously 

agitating the solution. 

I A Rinse for 2 minutes in DI water. 

1.5 Remove plating mask in trichlorethylene for 2 minutes in a sonic 
bath. 

1.6 Rinse cassette in acetone for 30 seconds. 

1.7 Dry under heat lamp (1 minute). 

2.0 SINTERING 

2.1 Load quartz boat. 

2.2 Heat treat at ^00 + 1°C for 10 minutes in a rutrogen atmosphere. 

2.3 Remove boat from hot zone of furnace and allow to cool with 

nitrogen gas flow for 3 minutes in the cold zone of the furnace. 

2A Transf.-r cells back to cassette holder. 
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3.0 AQUA REGIA 

3.1 Quickly dip the cassette in this solution for 2 seconds to remove 
non-adherent palladium material. 

3.2 Immediately rinse with DI water for 5 minutes to remove all traces 
of the surface etch. 

^>•0 ELECTROLESS NICKEL BATH 

<>.l Place the cassette of cells in the 6% HF solution for 5 seconds, 
then 5 seconds in the DI water rinse. 

^.2 Place the cells immediately in the nickel bath for 6 minutes, The 
bath temperature is maintained at 90‘^C + 2. Agitate the cassette 
every minute to remove bubbles formed from the plating, nitrogen 
bubbling is recommended for bath agitation. 

<1.3 Rinse in DI water 2 minutes. 

5.0 ELECTROLYTIC COPPER 

5.1 Place cells in plating fixture. 

5.2 Dip fixture in the 6% HF solution 5 seconds, 

5.3 Rinse in DI water 5 seconds. 

5,<l Place cells in copper bath and attach + to block,- to cell holder as 
in sketch of Figure (1). 

5.5 Plate all fronts at 300 mA cell for 10 minutes. 

5.6 Plate cell backs at 900 mA per cell for 10 minutes. 

5.7 Rinse in DI water for 3 minutes and blow dry. 


6.0 


SINTERING 


I 

r 


6.1 Load quartz boat. 

6.2 Sinter at 300^C + 1°C for 5 rmnutes in a nitrogen atmosphere. 
NOTE; The sintering step improves adhesion and in addition kills 
cells which have a potential for copper diffusion through pin-hole 
leaks in the nickel barrier. 

6.3 Remove boat from hot zone of furnace and allow to cool with 
nitrogen gas flow for 3 minutes in the - old zone of the furnace. 

6A Transfer cells back to holder. 


7.0 


EDGE GRIND (OPTIONAL) 

7.1 Grind edges of cell while spinning by holding an abbrasive material 
to the edge. 

7.2 Test cells. 
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APPENDIX J 


PRINT-ON PLATING MASK PROCEDURES 

1. Add 51i by volume of the reducer ER-48073 to the ER-6055 plating 
resist and mix. 

2. Silk screen the resist on the top surface of the cells using a 
1/8" distance between the screen and the cells, 

3. Dry cells under heat lamps at a 2 ft. distance for 5 minutes. 

4. The cells are ready for plating. 

Mast Material: ER-6055 Blue H.B. Find Line Plating Mask 

Reducer; ER-48073 

Company: Colonial Printing Ink Company 

180 E. Union Avenue 
E. Rutherford, N.J. 07073 
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APPENDIX K 


DEVELOPMENT OF LOW COST CONTACTS TO SILICON SOLAR CELLS 


SAMICS REPORT NO. 2 


FOR PERIOD COVERING 
15 OCTOBER 1978 TO APRIL 1980 


By 

D.P. TANNER AND P.A. ILES 


3PL CONTRACT NO. 955244 


OPTICAL coating LABORATORY, INC. 
PHOTOELECTRONICS DIVISION 
15251 EAST DON 3ULIAN ROAD 
CITY OF INDUSTRY, CA. 91746 


"The 3PL Low-Cost Silicon Solar Array Project is sponsored by the U.S. Department of 
Energy and forms part of the Solar Photovoltaic Conversion Program to initiate a major 
effect toward the development of low-cost solar arrays. This work was performed for the 
3et Propulsion Laboratory, California Institute of Technology by agreement between 
NASA and DOE. 
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APPENDIX - Cost Calculations 88 


A. 


INTRODUCTION 


This is the second (and final) Solar Arrays Manufacturing Industry Costing 
Standard (SAMICS) report on the plating system developed for .1PL contract No. 
955244. The process electrolessly plates a thin palladium layer (*-5oX), and a 
nickel layer ('^200oX). Tfien a electrolytically deposited copper layer (~5 
microns) Is plated for the main current collection of the cell. 

The process sequence is defined on Table 1 and was used to generate the data on 
the format A's of the SAMICS study. This process has been shown to work on a 
laboratory scale, but certain assumptions must be made for the production scale 
for the proper costing to be made. These assumptions are detailed in the next 
section. 

B. ASSUMPTIONS 

The process is detailed on page S4. Several changes have been made to cost the 
process as a production process and not a laboratory scale one. 

a) A high throughput screen printing machine was assumed (taken from 3PL 
Document /M012-78/17) instead of the slow mannual printer ve used in the 
iaboratory. 

b) All sinterings were done in a standard tube furnace, but a high throughput 
belt type furnace will be assumed for the proper costing. 

c) The laboratory process used a solvent (trichlorethlene) removable plating 
mask material where as in the production costing, a caustic removable 
plating mask will be assumed, ' 

d) The nickel bath used was purchased from .l.R. Halma Co., which was 
bought only in small quantities. The nickel bath formulation in Motorola 
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Report //234412 closely matches the one used so these "chemical only" 
costs were assumed. 

e) On the laboratory scale the cells were electrolytically plated in two steps, 
first the front, then the back. It was assumed with the proper fixturing 
this couid be done in one step (front and back simultaneously). 

f) The contact process was costed using 110% cell contact coverage (10% on 
the front and 100% on the back). A total of only 30% is required for good 
solar ceil performance (10% on the front and 20% on the back), but this 
process requires 2 masking steps which proved to be more expensive than 
the extra metal used. 

g) Only three (3) inch diameter cells (7.6 cm) will be costed since this was the 
cell size used in the laboratory study. 

h) Many other assumptions were taken from the Motorola report //234^fl2 as 
well as dollar values for equipment costs and replacement time for 
chemicals. 

Each format A will include the basic assumptions for each particular step and as 

an example process Pd-plate will show the calculation of ail values. 
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PALLADIUM - NICKEL - COPPER CONTACT SYSTEM 


SAMICS Format A Process Summary 
INPUT Product! Wafers 
OUTPUT Product: Ce!l 


STEP 

FORMAT A 
PROCESS 

INPUT 

PRODUCT 

OUTPUT 

PRODUCT 

1 

MASKFT 

WAFERS 

WAFERA 

2 

PdPLATE 

WAFERA 

WAFERB 

3 

SINTERA 

WAFERB 

WAFERC 

1 * 

NIPLATE 

WAFERC 

WAFER D 

5 

CuPLATE 

WAFER n 

WAFERE 

6 

SINTER B 

WAFERE 

CELL 


- 93 - 


COST ACCOUNT CATALOG 


CATALOG 

NUMBER 

ITEM DESCRIPTION 

UNITS 

PRICE/0 

YEAR 

EZOIOOD 

PLATING RESIST 

GALLONS 

$20.00/gal. 

1980 

Ezoiom 

SCREEN WASH 

GALLONS 

$ 8.00/gal. 

1980 

Ezoio^n 

NITROGEN G AS 
(Evap. from Liquid) 

Cu.Ft. 

$.00934/cu.ft. 

1977 

EZ0103D 

NICKEL BATH 

LITER 

$.37723* 

1975 

EZ0104D 

COPPER BATH MAKE-UP 

GALLON 

$3.96 

1980 

EZ0105D 

COPPER BATH ADDITIVE 

GALLON 

$i8.75 

1980 


*TAKEN FROM MOTOROLA REPORT nOE/3PL //9546S9 - 78/2 
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PROCESS 


Palladium-Nickel-Copper Plated Contacts 
IPEG Analysis Baseline Process 

a) Screen print plating mask (front only). 

b) Bake under heat lamp 3 minutes. 

a) Immerse in 6% hydrofloric acid - 2 minutes . 

b) Place in immersion palladium bath - 5 minutes . 

c) Dl H 2 O rinse - 2 minutes . 

a) Remove piating mask - 2St NaOH solution - 30 seconds . 

b) ni H 2 O rinse - 2 minutes . 

c) Isopropl alcohol dry 40°C - 13 seconds . 

Sinter at 400°C - 15 seconds . 

a) Aqua Regia dip - 2 seconds . 

b) DI H 2 O Rinse - 5 minutes . 

c) Immerse in 6% hydrofloric acid - 2 seconds . 

d) ni H 2 O rinse - 10 seconds . 

e) Electroless nickel bath 90°C - 6 minutes . 

f) DI H 2 O rinse - 2 minutes . 

a) Electrolytic Copper Bath - 10 minutes . 

b) DI Rinse - 2 minutes. 


c) Isoproply alcohol dry. <»0°C - 1 5 seconds. 


Sinter 300°C in N2 for 5 minutes . 


c. STANDARn SAMICS FORMATS 
Format A 
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SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 


6 



FORMAT A - PROCESS DESCRIPTION 

riiofi I sii>v I tnoH^TONV 

» • I. I >, I 

■I ... M. )*. „/.Ni ' ■ '.H 


Pag* of 
A-1 Pfoct« (Referent I 
MA5KFT 


Nolu: Nam«$ given n breckett 1 1 ere the namoi of procoii ittrihuiei 

requested by the SAMIS computer program. ^ 

A 2 (Descnniwe -^.irn. 1 of Process ScreGR Print PUtInq ResIst O R Pront pf Cel l . (90% coveragej^ 

PART 1 - PRODUCT DESCRIPTION 

A 3 (Proilu';!. Referent) .. WAFERA 

A 4 Descriptive Narrii' IPkhJik t Namr;) Sol ar - c£ll.pidnte.l.i^ — 

A 6 Unit Of Mcasiirfi! [Pioclwct. Units) JdlaffiCS 

PART 2 - PROCESS CHARACTERISTICS 


AG |Oul()ui Hutu) (Not Thniput) 25 — — Units (given on line A-5) Per Operating Minute 

A 7 llntiroruss. Inventory, Timr ) 20 Calendar Minutes (Used only to compute 

in procets inventory) 

AR ID'ity. Cycle) ,i976 - — Operating Minutes Per Minute 

A8a iNunilifi. Of Sfnfts Pm. Duy) . Shifts 

A 81) [personnel, Intugori/ation Overiitle, Switcti) .. (Off or On) 

I 

f PART 3 - EQUIPMENT COST FACTORS (Machine DescritUion) 

A R Cornprjtwnt (Hufureiit) 

A-8a Comiinnnnt [Ot'scii|itive N.ime) 

A 10 Haso Yeji For Frtiiipniont Prices (Price Year] 

^ ^ (Purchase. Cost. Vs, Quiintity. Bounht. Tnlrlc) 

(Nurnljur Of .ind $ Per Component) 

A 12 Anticiiiated [Useful. l.ifc) (Years) 

A-13 (Salvage. Value] ($ Pet Component) 

A-14 (Removal, And, Installation. Cost) ($/Cotn()onent) 


SP SYSF* 

Printer 


7__ 

$_2_0k 


Note: The SAMIS computer program also promfUs for the (Payment. Float. Interval) , the [Inflation. Rate, Table) , tfie 

(Equipment. Tax. Depreciation. Method) , and the (Equipment, Book. Depreciation. Method) , In the LSA SAMICS context, 
use 0,0, (1075 6.0 •), DDB, and SL. (The asterisk is a signal to the computer, not a reference to a footnote.) 


♦Taken fron) JPL Document #1012-78/17 


jri. 3037 s n 6/ti. 


Tormat A Pmcwj D«m.f fitiOD (Cuntinuud) 



A-15 Pioce»s Ralttrerit (Fiom Front Side Line A-1) JMASliFX 







PART 4 ~ DIRECT REQUIREMENTS PER MACHINE IFwilitieil C R PER MACHINE PER SHIPT (Perionnel) ] 

[Facility Or Personnel Requirement] 




A 18 

A 18 

A-19 


A 17 

Catalog Number 

Amount Required 




i Expense Item 

Per Maclnne (Per Shift) 

Units 

Requirement Descriptiori or Nemc 

Ri.lororit) 

[Amount. Per Mechine] 



1 

A2Q.BQP_ . 

.. . m . - 

0.25.. - 

Sq. Ft. 

Floor Space Tvoe B 

,.Per.&ona/Shift 

-Aasj^ 

.836850 

.... .05 _ 

Persons/Shift 

llegteiicsJlai te.nflac£ 





















PART 6 - DIRECT REQUIREMENTS PER MACHINE PER MINUTE (SAMSS will ask first for Byproducts] 

(Byprodurti 

.mil [Utility. Or Commodity neriuiromontl 



A 20 

A-22 

A 23 


A-21 

Catalny Numlrei 

Amount Reriuirnd 



1 

(Expense Item 

Per Miichiiip Pi>r Minute 

Units 

Requirement Description or Name 

H'-ferontj 

[Amount. Per. Cycle! 




. C1Q328 

0.4202 

Kw Hr/Ml n. _ 

Electricity 


K 157.60 . 

El 6.^40 .. 

. .0.00688 

.JuQ5B3 

Screens/Mln. 

Screens 


_ squfiafi£/JM.ln4^ 

Souegees 




EZ0100D 

.0015 

Gal/Min. 

Platinq Resi 

'■t 

Ezouno 

.00022 

GaJ/Miji,. ... 

„_.§creefl Jajh. 

1 




j 

U1176f) 

-.5 

Cells/Min, 

Rejected Cells 





















PART 6 - INTRA INDUSTRY PRODUCTiSl REQUIRED 



A 24 

A 28 

A26 

A-27 

A‘25 

[Required, Product) 

[Yieldl* [Ideal. Ratio! “ Of 



(Reference) 

( ';.) Units Out/Units 111 

Units Of A.26“* 

Product Name 

WAFERS 

.98 1/1 WAFERS/WAFERS 

MASKED WAFER 
















I'm PAIU 1) Ur 




UAH 

... .... 

DAVID P. TANNER 


9/16/80 


‘100% minus («rcentage of required qt.rduct lost in this process. 
“Assume 100% ymIcJ here. 

'“Examples; Modules/Cell or CellsAViifer. 


^ .V« . ' ’ >7 . , 


J » -V ^ 




REVERSE SIDE JPL 3037 S 


R 6/BO 


SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 


.P 


FORMAT A 


I'lUICI I MOV I AltOKATOMY 

!• . I In ;ff t • 1 1 

n,i . »,r, /)» tp.iui,ltnt (dif 


PROCESS DESCRIPTION 


Page ?„ — 
A-1 Proom (Raferant) 

PDPLATE 


Notu: Names given in brackets | ) are the names of process aitrib«<ti» 

requested by the SAMIS computer program, 

A 2 iD...,u,piiv.. Name, of Process Plate P d metal OR front and back of the cells 

PART 1 PRODUCT DESCRIPTION ' ~ 

I A 3 [Product. Hefermitl . 


A 4 Descriptive Name (Product. Nume) Wdfe T S plated with palladlUin IHetfll 


A S Unit Of Moasiifu IProduct. linitsl WflfGTS 


PART 2 ~ PROCESS CHARACTERISTICS 



A 6 (Output Ratel (Not Thrumit) 33.33 


Units (given on line A-5) Per Operating Minute 

A 7 (Inprocess. Inventory. Time) 12 


Calendar Minutes (Used .snly to comoute 

A 8 (Duty. Cycle] •99 


in-process inventory) 
_ , Operating Minutes Per Minute 

A 8a (Nurnimr. Of. Shifts Per. D-tyl 


Shifts 

A 81) (Personnel. Iiitormri/ation. Override. Switch] 


(Off or On) 


PART 3 - EQUIPMENT COST FACTORS (Machine Description) 


A-9 Component (Referent] 

A-9a Ct'mponent (Descriptive. Name] 

Chemhood 

Solvhood 

Chemical 

hood Solvent hood 

with replenish 


system 


A-10 Base Year Pot Et|ui|)rnent Pricrrs (Price. Year) 

^ .j ^ (Purchase, Cost. Vs. Quantity. Bought, Table] 
(Number Of and $ Per Com(>onont) 

A 1? Antinip.ated (Useful, Life] (Years) 

1977 

1977 

$12k 

$4.5K 

7 

7 

A-13 (Salvage. Value] ($ Per Component) 

$1.2k 

$450 

A-14 [Removal. And. Installation. Cost] ($/Componcnt) 

o 

o 

CM 

$200 



... 


Note: The SAMIS computer program also prompts for the [Payment. Float. Interval! , the [Inflation. Rate. Table] , the 

[Equipment. Tax. Depreciation. Method] , and the [Equipment. Book. Depreciation. Method] , In the LSA SAMICS context, 
use 0.0, (1975 6.0 >), DDB, andSL, (The asterisk is a signal to the computer, not a reference to a footnote.) 


JPL 3037 S rr b.t/C 


Formot A Procoss D»scri(»tion (CnittiruiecJ) 

A IB PfocBss Roferont (From Front Side Line A ll 


Page 


.Of. 


PdPLATE 


PART 4 - DIRECT REQUIREMENTS PER MACHINE (PacilitlMl OR PER MACHINE PER SHIFT (Pe uvniMl) 

[Fdcilitv Or, PotsoniK'l HiM|iiirenwn(| 

A 10 A 18 A-19 A-17 

Cutalix) Number Amount Rertuitud 

(t x(M»nHO Item Pet M.iehino (Per Shiltl UniH Requirmnortt Unscription or Name 

Heterent) lAmount. Per Machine! 




A2080D 


B3672D 


90 
1 ■ 


S q. F t. Mfq. Space (Ty p e B) 

.. Per son/Shift Che mfcal Operator 11 55885 


PART 5 > DIRECT REQUIREMENTS PER MACHINE PER MINUTE 

[Bvprmlm.tj and [Utility. Or. Commodity Roquirement) 


(SAMIS will ask first for Byproducts) 


A 20 

A 22 

A 2,3 

A-21 

Catiilng Number 

Amount Reiiuircd 



(Expense Item 

Pot Madrme Per Minute 

Units 

Requirement Description or Name 

Referent) 

lAmount. Pu. Cycle] 



G1052D 

.0168 

Gms/Min. 

PdCL+ 

E1320D 

.00023 

UBs/Wfii. 

HCL 

G1054D 

.004601 

Lbs/Min. 

■ ‘ 





E1352D 

.0176 

GalsTMin. 

TFTT'" ■■ 

E1328D 

.00513 

Lbs/Min. 

HF 

C1144D 

,81339 

Cu. “Ft. 

DI HoO 

Cf032ai. 

.0444 

KyiH/Min,. 

Electricity 

Dll 760..,. 

--.0667 . 

jCellsiMin. 

-Rejected -Cells - . 

E1600D 

.000012 

Lbs/Min. 

NaOH 




PART 6 - INTRA-INDUSTRY PRODUCT(S) REQUIRED 


A-24 A 28 

[Required. Product) [Yield]* 

(Reference) (%) 

WAFERA 99.8 


A26 

[Ideal. Ratio] *" Of 
Units Out/Units In 

1.0 


A-27 

Units Of A-26*** 

WAFERS/WAFERS 


A-25 

Product Name 

PdPLATED WAFER 


I’MI I'AMI n BY 


DAVID P. TANNER 


OAT I 


9/16/80 


*100% minus percentage of required product lost in this process. 
‘‘Assume 100% yield here. 

‘‘‘Examples: Modules/Cell or CollsAVafor. 

HCalculated from Motorola Report No. 234412 
See Appendix For Calculations 


HEVERSE SIDE JPL 3037-S H &/80 




m 


SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 


Pm 1 


of 




FORMAT A 


PROCESS DESCRIPTION 


l» 1 

' - , .*<1 h 


l»t I RIOV I UION^TOMV 

w « 7. 

r /U / j.i« tt I . jM */» I 


A-1 Pro«*$ iRelertnt) 

SINTERA 


A 2 iDosuiplivt . Nitiru'l of Ptums 


Note; Names given in Iwackets | i are the names of process attributi’ 
retuiested by the SAMIS computer program. 


Sinter th e pl ated panadium layer. 


PART 1 - PRODUCT DESCRIPTION 

A 3 (Product, Rcforont I WAFE RC 

A4 Dc$cri()i(vo Nairre (Produci. Niimel S intering o f p anadiuin laye r 

A-5 Unit Of Measure (Product. UnilsI CcVi S 

PART 2 - PROCESS CHARACTERISTICS 


A-6 (Output. Rate) (Not Thruput) 200 Units (given on line A-5) Per Operating Minute 

A-7 1 1 tiprncoss, Inventory. Time) JO Calendar Minutes (Used only to compute 

in-process inventory) 

A8 (Duty. Cycle! i_99 Operating Minutes Per Minute 




A-8a [Number. Of. Shifts. Per, Day) Shifts 

A-81) (Personnel. Integeri/ation. Override. Switch! (Off or On) 

PART 3 - EQUIPMENT COST FACTORS (Machine Description) 

A 9 Corn|)onenl ( Fteferentl FurndCe 


A-9a Component (Descriptive, Name] 


A 10 nese Year for L.(|ui[)inent Puces [Price. Yeerl 

^ I ^ (Purdiasn, Cost. Vs. Quantity. Bought, Table) 
(Number Of and $ Per Component) 

A-12 Anticipated (Useful. Life) (Years) 

A-13 [Salvai.in. Value) ($ Per Component) 

A-1il (Removal. And Installation. Cost) ($/Cr,mponent) 


1977 


135K_ 

7 

$3.5 K 

$1K 


Note. 


% 


flir- 


The SAMIS comfiutt-r program also prompts for the [Payment. Float, Interval) , the [Inflation. Rate. Table) , the 
[Equipment. Tax. Depreciation, Method) , and the (Equipment. Book. Depreciation. Method) , In the LSA SAMICS context, 
use 0,0, (1975 6.0 •), DDB, and SL. (The asterisk is a signal to the computer, not a reference to a footnote.) 


ottiGiNAL Page k 

OF’ P(X)R qvauty 




I 

1 

1 

1 

1 

I 

1 


i 


JPL 3037 S R tkm 


Format A; Pioc*$s Description (Continued) 


SINTERA 


Patja ? 0(^ 


A 15 Process Referent (From f ront Side Line A-1) 


PART 4 - DIRECT REQiJtREMENts PER MACHINE (?Kilitiff) OR PER MACHINE PER SHIFT IParionnel) 


[Facility. Or. Personnel Requirement) 



A 16 

A 18 

A 19 

A-1 7 

Catalog Number 

Amount Reriuirod 



(Extreme Item 

Per Machine (Per Shift) 

Units 

Requirement Description or Name 

Referent) 

(Amount Per. Machine) 





A2064D 

F567?r 

FjegBr* 


IT? 

... — . . 


Sq. Ft. 

P erson/ ShIfT 


Mfg. Space (Type A) 
TTectroni c Maintenance 


part S - DIRECT REQUIREMENTS PER MACHINE PER MINUTE 

(Byproduct) and (Utility. Or. Commodity Requiremertt] 


A-20 

Catalog Number 
(Expense Item 
Referent) 


A-22 

Amount Reqijired 
Pur Machine Per Minute 
(Amount. Per. Cycle) 


A-23 

Units 


(SAMIS will ask first for Byproducts) 

A-21 

Requirement Description or Name 


EZ0102D 1.4124 

JWK..Z ZIZJM 


Cu.ft./Min. Nitrogen Gas (Evap. from liquid) 

kw R/MTrr ETe ctncTty 




PART 6 - INTRA INDUSTRY PRODUCT(S) REQUIRED 


A24 

A-28 

A 26 

A-27 

A-25 


[Required. Product) 

(Yield) * 

(Ideal. Ratio) “ Of 




(Refuronce) 

(%) 

Units Out/Units In 

Units Of A-26'“ 

Product Name 


WAEERB 

100 



WAFERS/WAFERS 

Sintered Wafers 

— 

... ... — 

— - 



— 

■ 

— 

I’mt’AntD UY 




DATt 



pAV^D P_._ 

TANNER 


9/16/80 



*1(X)% minus percentage of required product lost in this process. 
“Assume 100% yield here. 

'“Examples; Modulo.s/Cell or Cells/Water. 


PEVEHSE SIDE JPL 3037-S R8/80 


SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 


P»ge . ' 



FORMAT A - PROCESS DESCRIPTION 

riiiti‘1 I ‘iiiiN I Mion^TiMiv 

• *f . • ' I . ^ H . ' i- \ 

'M » » . . i>t p, , /, HI f j:,< »»ii 


A-1 Process I Referent) 

N I PLATE 


Note Names given in (rrackets 1 1 are the names nf process attribute 

requested by tfte SAMIS computer program. 


A 2 NdmP 1 of I’ruciiS'i Plate ni ckel o n f ro nt and back of the cells. 


PART 1 - PRODUCT DESCRIPTION 


A 3 IPioilui't. Mvitfifi'otl mm 

A 4 Dr;s(.n()tivR Nnmi' [Proclurl N.ime) Wafers wiih, allLted jivck^ Jayer . 


Ab Unit Ut Mimsuic IPiucluct Umtsl Cells- 

PART 2 PROCESS CHARACTERISTICS 

A6 (Output. Rtito) (Not Tliriipui) . 22.68 Units (given on line A-S) Per Operatirig Minute 

A / (Inptoooss. Inventotv, Time) 13 Calendar Minutes (Used only to compute 

in process inventory) 

A 8 (Duty. Cycle) ,99 Operating Minutes Per Minute 


A-8a 1 Number. Of. Shift! Per. Day) Shifts 

A-8b (Personnel. Integeiiriiiimi. Override. Switcti) , (Off or On) 

PART 3 - EQUIPMENT COStT^TORs ' (M^^^^^ Descrifition) 


A-9 Gomfionont (Referent) 


CHEMHOOD CHEMFEF LW 


A 9a Component (Desreiplive. Name) 


A 10 Base Year For Equipment Price;, (Price Ye.ul 


-CliemifialJiQfld. JkQd-W±th 

re plenish 

.1 Z I 

1971 __1977 


. , . (Purchase. Cost. Vs. Ouanlity, (bought. T able) 

(Number Of and $ Pei Component) . 

A-12 Anticipated (Useful. Life] (Years) 7 

A-1 3 (Salvage. Value] ($ Per Component) $450 

A-14 (Removal. And. Installation. Cost) ($/Component) $200 


$12K 


7 


$1.2K 


$200 



Note; The SAMIS computer program also prompts for the [Payment. Float, Interval) , the (Inflation. Rate. Table) , the 

[Equipment. Tax, Depreciation. Method] , and the [Equipment, Book. Depreciation. Method) . In the LSA SAMICS corrtext, 
use 0.0, (1975 6.0 •), DOB, andSL. (The asterisk is a signal to the computer, not a reference to a footnote.) 


JPL 3037 S R 6r, 


Format A. Proct'ss Drsuii’t'on (Continued) 

A 15 f’tocess Reforint iFium Fiom Sule Line A ‘i) 


Paoe 


.Of 


.NtPiAIf- 


PART 4 - DIRECT REQUIREMENTS PER MACHINE (FacilitM OR PER MACHINE PER SHIFT (Parionml) 

IFacilitv Of, Putsonnel Requiromentl 


A 16 

Catalog Numhri 
(Ex(»nii> Item 
Re(L’ieiit) 

A^OaOD 
B 36 7 2D 


A 18 

Amount Ro((uiroil 
Per Machine (Per Shift) 
(Amount Pet. Machine] 

90 

1 


A-19 

Units 


E-ttJ 


A-17 

Requiiement Description or Name 

..Mla.^-JeaLCJEL-CT^'pe. J ^ 


PART B - DIRECT REQUIREMENTS PER MACHINE PER MINUTE (SAMIS will ask first (or Byproducts) 
[Byproduct! and [Utility. Or Commodity Requirement) 


A 20 

Catalog Number 
(Expense Item 
Ri'fuiem) 

E132QD 
.EROQD . .. 

' n.328D 

EZ0103D 

cnw 

C.10.32B. 

.Dn76Q 


A22 

Amount Requited 
Per Machitie Per Minute 
(Amount. Per. Cydel 

.01317 

.01317 ___ 


.■OOFll 

. 0906 ' 

■ :8D2 


.2268 


A23 

Units 

Gal/tlin, 

QalMn^ 

rts/HTir: — " 
meF/mir. — 

Ml/Mi n.^-1 

C,d.l5/mn.-. 


A21 

Requirement Description or Name 


I 


m. 




“Hr 

UT“Fal;fv»- 

“DTHjO 

. 


■- - -- . 









1 

PART 6 - INTRA INDUSTRY PRODUCT(S) REQUIRED 



A 24 

A 28 

A26 

A-27 

A25 

( Flequitoil. Producll 

[Yield! • 

(Ideal. Ratio] " Of 



(Reference) 

r.) 

Units Out/Units In 

Units Of A-26*" 

Product Name 

..JJAF1R.C .. 

,99.Q_ 

J.11 


K.tEliLteil..Wafec5i 











I'fUfAmi) ov 




UATI 

, 

DAVID P 

. TANNER 


9/16/80 




*100% minus percentage of required (iroduct lost in this process. 
/ * 'Assume 100% yield here, 

I '"Examples; Modules/Cell or CellsAVafer. 

+Taken from Motorola Report #954689 




REVERSE Sloe JPL 3037 S R B/BO 


SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 


. — of 



— FORMAT A ~ 

ritdfi I I \noRATOiiv 

'M I /w f I , 

t .l ».» I (U > P.,K,4inj f ait* >nn\ 


PROCESS DESCRIPTION 


A-1 Proa*$ (R«ftrentl 

CuPLATE 


Note: Names given in brackets I J are the names of process attrinw*.. 
requested by the SAMIS computer program. 


A 2 |l)nscriptivi>. Name! of Process 


Piste 


PART 1 - PRODUCT DESCRIPTION 

A.'J (Pto-liicl Ri'ferootl . . WAFERL.. 


A4 Desuiplive Name iProducl. Name) Uafprs with platpd copper l ayRr, 

A f> Unit Of Mcasutf IPt'xIurl. Units] aeils 

PARI 2 - PROCESS CHARACTERISTICS 

A 6 [Output. Rate) (Not Thruput) . _6'_66 

A-7 linprocess. Inventoiy, Tiino) VP_ 

A 8 I Duty . Cycle I . 9 9 

A 8u [Number. 01 Shifts Per. Day] 

A-8b [Personnel, Integeri/ation. Override. Switch] 

PART 3 EQUIPMENT COST FACTORS (Madrine Description) 

A 9 Component 1 Referent] P I dtcf RINSETK 

A 9ii Component [Doscniitivi!. Niimi. I 


_ Units (given on line A*5I Per Operating Minute 

^ Calendar Minutes (Used only to compute 
in-process inventory) 

„ Operating Minutes Per Minute 

Shifts 

_ (Off or On) 


A 10 Base Year For E(|uipmcnl Prices [Price. Year] 1978 1 977 

a .11 iP'irchase. Cost, Vs. Ouantity. Bought. Table] 

(Number Of and $ Per Component) $pl.QQ . 5K 

A-12 Anticipated [Useful. Life] (Years) 7 7 _ 

A-13 [Salviige, Value] ($ Pei Component) $510 $450 

A-14 [Removal. And. Installation. Cost] (S/Component) $200 $200 


Note: The SAMIS computer program also prompts for the [Payment. Float, Interval) , the [Inflation. Rate, Table) , the 

[Equipment Tax. Depreciation. Method), and the [Equipment. Book. Depreciation. Method). In the LSA SAMICS context, 
use 0.0, (197 5 6.0 •), DDB, and SL. (The asterisk is a signal to the computer, not a reference to a footnote ) 


JPl. a037 S R 5/i: 




Formal A. Process Description iContinued) 

A 15 Process Referent (From Front Side Line A-1) 


Pitje 


:of 


£uEUI£. 


PART 4 ~ DIRECT REQUIREMENTS PER MACHINE (PBcilitiet) OR PER MACHINE PER SHIFT (PartonnaO 

[Facility, Or, Personnel Requirement | 




A 16 

A-18 

A-19 


A17 

Catalog Number 

Amrmnt Required 




(ExfMjnso Item 

Per Machine (Per Sh*ft) 

Units 

Requirement Description or Name 

Referentl 

(Amount. Per. Machine) 




A2064D 

75 

Sq. Ft. 

Mfg. Space (Type A) 

BSOTT' 

“■“725"-' 

Person/Shift 

CN^icaT Operator II 55885 * 

— jmnu" 

"7(15 

" Terl^onsTWTf 

Electronics Maintenance 

1 1 





















PART 5 ~ DIRECT REQUIREMENTS PER MACHINE PER MINUTE (SAMIS will ask first for ByproducU) 

[Byproduct] and [Utility. Or. Commodity Requirement) 



A-20 

A22 

A23 


A-21 

Catalog Numljer 

Amount Required 




(Expense Item 

Per Machine Per Minute 

Units 

Requirement Description or Name 

Referent) 

[Amount, Per. Cycle) 




EZ104D 

.00421 

Gal /Min. 

Cu Bath Make-Up 

~ EZT05D' ■ 

“TDDIW "" 

~ GaT/HTnT 

Cu Bath Addtttve 

' T10T2D 

,2 

“TwHTMiri. 

Electricity 


D1176b 

-.0666 

Cells/Min. 

Rejected Cell 

S 

D1032D 

:romi 

GaT7Rin. 

Wasted Acid 


TTT44D " 

.0802 

Cu. ft. /Min. 

Di h;o 







■ 113520'“" 



” "GaT/mn. 

"TPA 























PART 6 - INTRA-INDUSTRY PRODUCT(S) REQUIRED 



A-24 

A-28 

A-26 

A-27 

A-25 

[ Required. Product] 

[Yield]* [Ideal. Ratio] •• Of 



(Reference) 

(%) Units Out/Units In 

Units Of A-26*** 

Product Name 

WAFERD 

99.0 

1.0 WAFERS/WAFERS 

CuPlated Wafers 




PRI PARI 0 QY 




DAK 


DAVID P. TANNER 


9/16/80 




*100% minus percentage of required product lost in this process. 
•*As$ume 100% yield here. 

** ‘Examples: Modules/Cell or Cells/Wafer, 




ORIGINAL PAGE IS 
OF POOR QUALITY 


ISEVERSE SIDE jet 3037 S IS 5/80 




-F 

l ) 


SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 


Pa9t 


of. 




FORMAT A 


PROCESS DESCRIPTION 


JH I ^HONAtOltV 

< .1' r»,M e nf T» 

I w ftti (irif 


A-1 ProoBii (R#fer«ntl 

S INTERS 


Note; Ncmes givtn In bTKketi I 1 •« tfw names of process attributes 
requested by the SAMIS computer program. 


A 2 [Dfisctiplivf!. Name I of Process . -F.ln9l sinterin g ste p for plated copper contacts. 


PART 1 - PRODUCT DESCRIPTION 

A-3 (Product, Referent) Cell s 


A'5 Uou Of Measure (Product. Units) Ccl 1 S 


PART 2 - PROCESS CHARACTERISTICS 

A‘6 (Output. Rate) (Not Thmput) 200 

A-7 (Inprocess. Inventory. Time) 5lW 

A*8 (Duty.CycIo) .99 

A-8a (Number. Of. Shifts. Per, Day) 


A*8b (Person lel. Integeriration. Override. Switch) 


Units (given on line A-5) Per Operating Minute 

Calendar Minutes (Used only to compute 
in-process inventory) 
Operating Minutes Per Minute 

Shifts 

(Off or On) 


PART 3 - EQUIPMENT COST FACTORS (Machine Description) 


A-9 Comtionent (Referent) 

A 9a ComiHKrent (Descriptive. Name) 

A-10 Base Year For Equipment Prices (Price. Year) 


^ (Purchase. Cost. Vs. Quantity, Bought. Table) 
(Number Of and $ Per Component) 


A-12 Anticipated (Useful, Life) (Years) 

A-1 3 (Salvage, Value) ($ Per Component) 

A- 14 (Removal. And, Installation. Cost) ($/Component) 


furnace 


1977 


$35K 


$3.5K 


$1k 


Note: The SAMIS computer program also prompts for the (Payment. Float. Interval) , the (Inflation. Rate, Table) , the 

(Equipment. Tax. Depreciation. Method) , and the (Equipment. Book. Depreciation. Method) . In the LSA SAMICS context, 
use 0.0, (1975 6.0 •), DOB, andSL. (The asterisk is a signal to the computer, not a reference to a footnote.) 


JPL 3037 S n tt.'B 


Furmat A. Proc«$ D»*cri(ition (Contiiniod) 

A-16 ProcBsi Refersnt (From Frorrt Sitln Lirw A-1) SIN TERB 


Pm.- -Of 


PART 4 > DIRECT REQUIREMENTS PER MACHINE (FwilitlM) OR PER MACHINE PER SHIFT (Paftonnall 

(Facilitv. Or. Personnel Requirement! 

A19 


^WiRjir 


A 16 

Catalfjq Nuttilier 
(Exper^se Item 
Referent) 

A2064D 

B36721T* 

B36gSD~“ 


A! 8 

Amount Requited 
Pet Machine (Per Shift) 
(Amount. Per. Machlntj 

132 

r- ■■ ■ - 

:05 


Units 


Sq, Ft. 
TersorTOTTr 
Ferson/Shift 


A-17 

Requirement Description or Name 

Mfg. Space (Type A) 

•Weircd170peratd^^^ 

Electronics Maintenance 


PART S - DIRECT REQUIREMENTS PER MACHINE PER MINUTE (SAMIS will ask first (or ByproducU) 

(Byproduct) and (Utility, Or, Commodity Rcquiremontj 


A-20 

Cotaloi) Nuirilrer 
(Expense Item 
Referent) 

EZ0102D 
T1032B 


A-22 

Amount Required 
Per Machine Per Minute 
[Amount. Per. Cycle] 

1.4124 


A-23 

Units 


A-21 

Requirement Description or Name 


D1176D 


Cu.Ft./Min 

— MSifell 

2 Cells/M^n. 


Nitrogen Gas 
Elec trie 1ty~ ~ 


Rejected Cells 


PART 6 ~ INTRA INDUSTRY PRODUCT(S) REQUIRED 




A-24 

A 28 

A-26 

' A-27 

A-25 

[Required. Product) 

(Yield) * 

(Ideal. Ratio!" Of 



(Reference) 

(%) 

Units Out/Units In 

Units Of A-26"‘ 

Product Name 

WAFEPD 


1.0 

Cells/Wafers 

Sintered Cells 






1 


IPMM’Amn li-- 




OATt 

f 

DAVID P. 

TANNER 


9/16/80 


*100% minus percentase of required product lost in this process. 
."Assume 100% yield here. 

‘‘Examples. Modules/Celi or Cells/Wafer. 


tMGINAL PAGE IS 
OF F- tOLv HviAIjlXV 


A' 


r 

I 


REVERSE SIDE JPL soar s R6/S0 


COSTING 


Using the IPEG costing method, the costs of the process were estimated. A one 
megawatt production level was chosen which uses 1<»% efficient solar cells. This 
would be 1,567,399 solar cell generating .638 watts per cell. The cost in 1980 
dollars would be 7.93f*:/cell or 12.4<^/watt . In 1975 dollars this translates to 
5.87<l;/cell or 8.19<;/watt. This cost does include the masking step as well as the 
plating cost. The masking step alone yields a cost of 2.3'^/watt in 1980 dollars or 
1.7'^/watt in 1975 dollars, 

CONCLUSIONS AND RECOMMENDATIONS 

The 1980 cost of the masking steps (2.3C/watt) comes from high equipment cost 
and high material cost of running the screen printing equipment. Notice, these 
costs come from a relatively low throughput and the higli operational cost of the 
screen printer and not from the high cost of the plating mask resist. The resist 
only accounted for 20% of these costs ( .50/watt). It is very probable that 
further work with a screen printer equipment vendor could result in a much 
lower cost for our operation. The other major cost in the process is the copper 
electrolytic plating due to the low throughput assumed. (High labor costs.) This 
cost also could be reduced with working with a plating equipment vendor. 

The most desirable method of reducing the cost would be the elimination of the 
palladium bath step. If an adherent nickel bath could be found, the palladium 
step and one sintering step could be removed. Assuming the new nickel bath 
would cost approximately the same as the existing nickel bath, the cost of the 
process would be lowered by 2.3i;!:/watt in 1980 dollars. With lowering the cost of 
the masking steps by 50% and lowering the copper plating cost by 30% this 
should yield a final cost of 7.83i;!:/watt in 1980 dollars. 
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mmm, 

COS T CALCULATIONS 
PROCESS; Pdplate 


Each hood has 6 tanks requiring 2.106 gallons of solution to fill. Each process 
step utilizes 2 tanks in a particular hood. The 6% HF solution used is assumed 
to be replaced once every shift. The palladium solution is replaced as a whole 
once per shift, but the PdCL is replenished as needed. Rinse water requirements 
is 3 gal. /min. for each hood. The Z% NaOH solution is replaced every hour and 
the I PA bath is replaced every 4 hours. 

A) HF Usage: 

4.212 gal/shift x .06 (%HF) » .2527 gal/shift 

1 b 

.2527 gal/shift x 9.75 Ib/gal (HF)x shift/480 min. 00513 ~yK. 

DI HgO usage for this step * .001.1 r.iift/min. 


B) Pd Bath: 


Assuming 110% contact coverage 50A thick yields: 

,.1 X -4^ c«,2 X X lZ2-3».edCl3 


with 400 wafer/12m yields 


106. 4gm Pd 


= .0051 gm/ wafer 


.0168 ^ 

■ min. 


The 2.106 gal solution is replaced as a whole every shift (8 hrs.) so HCL 
used is 50 ml, NH^F used is 994 ml, and DI HgO used is 1.49 liters. 


HCL = .1042 ml /min x 1.0045 gms/ml. x 2.205 x 10“^ Ib/gm = .00023 Ib/min . 
NH^F = 2.071 ml/m x 1.009 gm/ml x 2.205 x 10"^ Ib/gm * .004601 Ig/min. 
^2^ ” *0001^ cuft/min. 


c) NaOH Bath (2% Solution) 

This bath is replaced once every hour: 

4.212 gal/hr .2 .0702 gal /mi n. x3. 785=. 2657 liter/min x 2% = .005314 liter/min. 
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5.00514 gm/min x 2.205 x 10“^ Ib/gm 

5. 000012 Ibs/min 

PI H Usage .00919 cuft/mln . 


D) IPA Baths 

These baths are assumed to be replaced every 4 hours: 
4.212 gal/4hrs. = .0176 sal /ml r . 


E) 


Hood With Replenish System Electrical Assumed Usage Is: 


1.6 KW and 500 cfm air use of only 50% panel value 


[.6(l.l).-450 CFH^^f„ 


87 66 hr. ^ 245 Day 
^ Tear * Year 


24 nr. • 60 min . 
Day • Hr. 


* .01881 KWH/MIN. 


[.5 (1.6) + 500 IIqqJ X /245 x 24 x 60 « .02559 KWH/MIN. 

TOTAL: .01881 KWH/MIN + .02559 KWH/MIN » .0444 ^ 


TOTAL DI H«0 - .00919 cuft/mln. 

.00110 " 

.00110 

.01139 cuft/mln. 

Each hood used 3 gal/min. rinse water 
2 hoods s 6 gal/m x 1.337 x 10”^ cuft/gal = .802 cuft/mln. 
TOTAL: .81339 Cuft/mln. 
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INTRODUCTION 

This contract involves the evaluation of the technical feasibility 
and effective cost of a copper plating system for the manufacture of 
solar cells for high volunie production of low cost solar array (LSA) 
modules. 

The first phase of the contract (October 1978 - May 1979) a procedure 
was developed to plate copper onto solar cells for use as a low cost 
electrical contact. The contact system first used an electroless 

o o 

palladium bath (BOA), next an electroless chromium bath ('\i2000A), 

0 

an electroless copper bath (500A), and then an electrolytic copper bath 
(4-5 microns). This contact system has produced cells with good I-V 
characteristics as well as good contact adhesion [1]. However, it was 
found if the cells were heated to 400“C for 5 minutes they would severely 
degrade. The problem was speculated to be copper migration into the 
cell [2]. 

The second phase of the contract (July 1979 - January 1980) has sought 
means to stop the copper migration. This paper is a literature study 
of copper diffusion rates through different metallic barriers. Though 
only metals that can be plated are of interest with our process, other 
metals will be discussed for completeness. Finally given is a test 
matrix of metals to be used in the next task of the contract, an 
evaporated contact heat treat study. 


DISC USSION 

A literature search has been conducted In order to locate papers dealing 
with copper diffusion and/or interactions with different metallic barriers. 
It was preferred that the search be restricted to papers dealing strictly 
with diffusion studies using thin films. But during the search it became 
obvious that only a limited amount of data on thin films is available. 

Most sources use bulk samples in polycrystalline or crystalline form. 

The papers used a variety of techniques of measuring copper diffusion 
ranging from radioactive tracer experiments to use of an electron 
microprobe. Each diffusion measurentent technique will be identified 
in the text, but will be ignored in t!.e final data assembly due to 
the limited data base of this study. 

Data have been found on these different metal systems: Cu-^Ag, Cu+Au, Cu»Be, 
Cu>^Cr, Cr>Cu, Cu+Fe, Cu->-L1, Cu^Ni, Cu+Pd, Pd>Cu, Cu->Pt, Cu-^Sb, Cu+Ti, 

Cu>U and Cu+Zr. Also two papers were found on the Cr~Cu contact system, 
mainly dealing with contact stability. 

As stated in the introduction, an evaporated contact study will be 
conducted to test the conclusions fron: the paper study. It is realized 
that plated metal layers are usually less dense than evaporated layers and 
the results from the evaporation study may not apply to the plated 
layers. Hopefully the tents can guide future research of plating metals. 


RESULTS 


Copper Diffusion Into Metals 

A summary of the diffusion data is given in Figure 1. The dotted lines 
are extensions of the actual data (solid lines) from the different 
publications. The particulars of each diffusion system and the 
publication details are given next. 


(i) Cu->Ag 

The work was done by Sawatzby and Jaunot [3] in 1957. Single 
crystals of silver were diffused with the radioisotope ®^Cu over a 
temperature range of 7OO-9C0°C. The samples were sectioned 
and the radioactive counts taken. 

(ii ) Cu->-Au 

This data was generated by Vignes and Haeussler [4] in 1966. 

Bulk polycrystalline gold sample were used with a 2 u layer 
(evaporated) of pure copper on the surface. The copper was 
diffused over a temperature range of 700-900°C and analyzed 
by a electron microprobe. 

( i i i ) Cu->-Be 

The copper diffusion into beryllium was taken from work done by 
Dupouy, Mathle, and Adda in 1965 [5]. Radioactive Cu was 
diffused into single crystal beryllium over a temperature range 
of 700-1 050°C. 
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(iv) Cu->-Cr and Cr-^Cu 

Only qualitative estimates were found on the measurement of Cu->Cr. 

Some papers were found on the thin film interdiffusion of this 

system [6] as well as papers dealing with silicon device 

performance of the Cr-Cu system [7], [8]. The interdiffusion 

study showed there was little interaction of the metals over 

the temperature range of 550-750"C. The device data also indicated 

the diffusion rate was relatively slow. However, a paper was 

fil 

found on the diffusion of Cr->Cu using Cr with a sample of 
pure polycrystalline copper. This work was taken from Seitz [9] 
(1963), Tomizuke [10] (1971), Barreau [11] (1971), and Sexena [12] 
(1971). Since this measurement is not the same as Cu->Cr, an 
asterisk is added on Figure 1. 

(v) Cu-»Fe 

This data came from a paper by Anand [13] published in 1966. 

fid 

Again the radioisotope Cu was diffused into a sample of pure 
polycrystalline iron and the diffusion coefficients measured 
(temperature range was 750-1050°C). 

(vi) Cu->li 

fid 

This paper stated the results of the diffusion of Cu into a 
pure sample of polycrystalline lithium by Ott [14], [15] in 
1969. The heat treatments were only over a range of 50-1 20°C 
since the diffusion rate was so high. The diffusion rate 


was much faster than for the other samples, so the data will 
not be plotted on Figure 1. The diffusion coefficient D*(cm /sec.) 
ranged from 3x10’^ at lEO^C to 2.7X10“® at 50“C. 

(vii) Cu-*Ni 

This uses the results of Monma [16] (1964) and Helfmeier [17] 

fi4 

(1970) using the Cu technique and thin film microprobe 
technique respectively. In both cases polycrystalline nickel 
was used. The diffusions were done over a temperature range 
of 700-1 400°C. The data of both sources were combined for the 
Figure 1 plot. 

(viii) Cu->-Pd and Pd->-Cu 

It was difficult to find details of Cu diffusion into palladium. 
Westinghouse [18], made a number of solar cells using Pd-Cu 
contacts. Using only mild heat treatments (-\.300°C for 15 minutes), 
all test cells degraded severely. This would indicate the 
diffusion rate of copper through evaporated palladium is quite 
fast. There were other data showing the diffusion of palladium 
through crystalline copper is very fast [19]. This was taken from 
Peterson's paper published in 1963. For qualitative comparison, 
these results are included in Figure 1, for the same reason as 
including the Cr-data. 

(ix) Cu-^Pt 

In this paper by Johnson [20] in 1963 tracer diffusion of ®^Cu 
was made into a sample of polycrystalline platinum over a 


temperature ragne of 1000-1 500®C. From the data plotted in 
Figure 1, this appears to be one of the best barriers to the 
copper diffusion. 

(x) Cu-»Sb 

This study of the tracer diffusion of ®^Cu into pure antimony 
was made by Neumann [21] in 1956. The •"^sults at SOO^C yielded 
a diffusion coefficient of -x-lO"^ cm^/sec. which off the scale 
used for Figure 1. 

(xi) Cu-^Ti 

The diffusion of Cu into e-Ti was made by Caloni in 1969 [22]. 

Over a temperature range of 960-1 460°C an evaporative film of 
copper was diffused into polycrystalline samples of titanium. 

An electron microprobe was used for the analysis. These data 
were also off the scale of Figure 1 because the copper diffused 
very quickly in 3 -titanium. At 960°C (which is about 8 on the 
10^/T”K scale) the diffusion coefficient was 10”® cm^/sec. 

(xii) Cu-MJ 

The diffusion of copper into a (b.c.c.) uranium has been measured 

from 780-1 080°C by Peterson [23], [24] in 1964. ®^Cu was diffused 

and the radioactive tracer diffusion coefficients measured. 

These data also were not plotted on Figure 1 because the diffusion 

rates were too high. At 780°C (10^/T°K reading of 9.5) the diffusion 

“8 2 

coefficient was 2x10 cm /sec. 
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Cu-*-Zr 


64 

The tracer diffusion of Cu was made into single crystal of 
a-zirconium by Hood in 1971 [25]. The measurements were only 
made at yielding a diffusion coefficient -vlO"® cm^/sec. 


ANALYSIS 


Using the data found in the literature study, diffusion rate calculations, 

using a single mode system were made. The major part of the proposed 

evaporated contact heat treat study was to observe solar cell degradation. 

It has been previously shown that the diffusion of copper causes shunting 

problems with silicon solar cells (lowering of Vqq) [2]. At the 13th 

JPL Project Integration Meeting, Westinghouse [26] showed that copper 

at reasonably high levels (10-10 atrm/cm in P-type silicon) was 

needed before any degradation would be seen. Therefore it was assumed 

that when the cell degradated, the copper would have reached a concentration 

of 10 atom/cm at the junct’^on (N/P interface). Figure 2 shows the 

diffusion model used in this analysis. The source in the model was 

the copper layer (typically 4-6 microns thick). The barrier was any metal 

which would provide a good barrier to the copper and a good electrical 

contact to the silicon. The barrier thickness was demoted as d^. The 

diffused n region was the thickness dg of the silicon cell (the junction 

depth). The qualities we were interested in calculating were t^ the 

diffusion time through the barrier and tg the diffusion time to the junction. 

The total diffusion time tjQj^l^ = t^+tg was set up as the time it takes 

for the junction interface (N/P interface) to reach a copper concentration 
1 fi 3 

of 10 a tom/ cm . Using the standard single mode diffusion analysis; 

(Pick's laws of diffusion [27]) 

Equation 1: N(x,t) = N erfc 

\ZMJ 


-no- 



where x • thickness 

D « diffusion coefficient 
t * diffusion time 
Ncu * concentration of copper atoms 

N(x,t) ■ the resultant copper diffusion concentration at x after time t 

21 3 

The values of N„„ at the barrier surface was assumed to be 10 atom/cm . 
cu 

The value of N(x,t) was also assumeu leaving the diffusion time as the 

16 3 

only variable. By setting a N(d^,t^) to be 10 atom/cm , the diffusion 
time for nickel barrier using the data from Figure 1 was solved. 

The diffusion coefficient for nickel at 560°C was extrapolated to be 
1.4x10"^^ cm^/sec. Using a nickel thickness of lOOOA, the resultant 
diffusion time t^ was 1.83x10 sec or 127 days. So it would take more than 
four (4) months for the copper to get through the nickel barrier. 

Certainly this was an experimentally acceptable length of time 
and suggests that at normal operating temperatures, the cell lifetime 
would be good. 

To calculate the diffusion time tg a simular calculation was done using 
16 3 

the 10 atom/ cm number as N . As stated before the shunting copper 
16 3 

level was 10 atom/cm which becomes NCdg.t^) in this case. From 
Runyan's book [27] at 560°C the diffusion coefficient of copper in silicon 

CO ® 

was 2x10" cm /sec. Using a junction thickness of 3000A (dg) the diffusion 
time was calculated to be 40 ms. Since t^»t 2 , the total diffusion 
time (tj=t-|+t 2 ) becomes ty=t^ . This shows that barrier must do all 
the work in stopping the copper diffusion. 
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Assuming that extrapolation of the diffusion rate can be carried to lower 

temperatures, estimates show that at 60®C the diffusion of copper through 

18 

the same nickel barrier would take 'vlO years. However, the analysis 
used was very restricted and does not Include, 

(a) Possibility of variable barrier thicknesses, pinholes, or severe 
structural defects In the layer. 

(b) Chance of alternate penetration modes (around edges of the plated 
or evaporated layers). 

(c) Possibility of degradation from Impurities other than copper. 

A similar diffusion analysis for silver (the worst barrier) yields a 
diffusion time at 560°C of .3 seconds. Certainly the diffusion data does 
realistically Indicate that nickel Is a promising platable diffusion 
barrier to copper and should be Investigated further. 


CONCLUSION 

From the literature study, nickel appears to be Vr.e best platable 
candidate for a metallic barrier to the copper migration. Since nickel 
is relatively cheap and a number of commercially obtainable electroless 
baths already exist, it can be readily incorporated into the present 
plating process. The next step is to see if nickel has good barrier 
properties experimentally. This will be done by an evaporated contact 
study using active solar cells. The barrier metal experiment will use 
the metals in different thicknesses over a range of heat treatments. 

The degradation of the cells voltage and current will be evaluated. 

The test matrix is given below, and will be used for the following condition. 

(i) All heat treatments will be made in nitrogen only. 

(ii) Properties of the solar cells will be evaluated before and 
after the heat treatments. 

(iii) Heat Treatments 

, time temperature 

(Minutes) (°c) 

5 400 450 500 550 600 

15 400 450 500 550 600 

(iv) All tests will be run with two control cells with Ti-Pd-Ag 

contacts. 

(v) The following metallization systems will be investigated. 


(A) Pd-Ag (2000A Pd): To study effects of palladium only. 

(B) Cr-Ag (2000A Cr): To study effects of chromium only. 

(C) Pd-Cu: Three different experiments using 1000-2000-3000A of Pd. 

O 

(D) Cr-Cu: Three different experiments using 1 000-2000- 3000A of Cr. 

(E) Pd-Ni-Cu (lOOOA Pd): Two experiments with the nickel 
at 1000 and 2000A thick. 

O 

(F) Cr-Ni-Cu: The same as (E) but using lOOOA chromium. 

Hopefully these evaporated metal heat studies will give us some 
insight experimentally on the quality of the nickel barrier. Of course 
with a plated nickel barrier, the results may not be as good (plated 
metals are lass dense). But hopefully the barrier thickness can be 
adjusted to give the desired result, of a reliable copper based solar 
cell contact. 
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